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Abstract 
The lack of knowledge on fate and transport of explosive compounds, 2,4,6-trinitrotoluene 
(TNT) and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) in marine ecosystems limits the ability 
to predict toxicological impacts and natural attenuation of these suspected carcinogens in 
contaminated coastal sites. This study focuses on improving our understanding of the sorption 
and transformation of TNT and RDX in coastal ecosystems by using stable nitrogen isotopes.  
Abiotic and biotic bench-top experiments using sediment slurries evaluated sorption kinetics and 
anaerobic biotransformation. Marine silt showed higher compound-uptake rates (> ~100) than 
freshwater silt for both compounds though equilibrium partition constants (Kp’s) were on the 
same order of magnitude. Kp’s of TNT and RDX varied linearly with total organic carbon (TOC) 
in sediment and were inversely correlated to temperature. TNT was transformed from the slurry 
water at a faster rate than RDX and accumulation in sediment was higher in the TNT 
microcosms than for RDX. TNT was mineralized to NOX (NO2
-
 and NO3
-
) and NH4
+
 via 
denitration, and deamination, possibly facilitated by iron and sulfate reducing bacteria.  RDX 
was mineralized anaerobically to NOX, NH4
+
 and N2 gas via denitration, ring breakdown and 
denitrification.  
Studies were extended to mesocosm scales representing subtidal non-vegetated, subtidal 
vegetated and intertidal marsh to evaluate the fate and transport of RDX in multi-component, 
coastal settings at steady state conditions. Time series of dissolved RDX, derivatives and 
mineralization products (NH4
+
, NOX, N2 and N2O) in surface water, porewater, and solids were  
Thivanka Ariyarathna – University of Connecticut, 2016 
analyzed. Transformation of RDX was enhanced by microbial assemblages and lower redox 
potentials. Nitroso-derivatives were further converted to N2O (primarily) and N2 (secondarily). 
Subtidal vegetated and intertidal marsh (TOC-rich, fine grained sediments and sulfate reducers) 
showed higher mineralization of RDX. Subtidal non-vegetated mesocosm (TOC-poor, sandy 
sediment and iron reducers) yielded the highest persistence of RDX in the system. Sediment 
sorption decreased from intertidal marsh > subtidal vegetated >subtidal non-vegetated and was 
correlated to the available TOC (positively) and grain size (negatively) of the sediment though 
partitioning of RDX and derivatives onto sediment was a negligible sink for RDX. The greatest 
predictor of RDX fate was prevailing sediment redox conditions in the ecosystem.  
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1.0 Introduction 
1.1 Exposure and toxicity of TNT and RDX in the environment                                           
The explosive compounds, 2,4,6-trinitrotoluene (TNT) and Hexahtdro-1,3,5-trinitro-1,3,5-
triazine (RDX) are common contaminants of military munitions worldwide including areas off 
the US coasts and Hawaii, Gulf of Mexico, North Sea, Baltic Sea, Mediterranean Sea and off the 
coasts of Europe and Russia [1]. Though the disposal of explosives into the ocean has been 
prohibited in the united states since the “ocean dumping act” in 1972 [1], intact, breached or 
buried munitions from past disposal activities slowly release explosive chemicals into the 
adjacent marine settings through corrosion and leaking [2]. Ongoing Military training and 
weapon testing activities of the department of defense (DoD), is also a continuous source of 
explosives in coastal environments where marine aquatic life is exposed, as are humans through 
direct exposure and/or the food chain [3]. TNT has been linked to liver damage and anemia in 
humans and both TNT and derivatives have shown toxicity and mutagenic potential in aquatic 
species [3]. RDX is considered a known neurotoxin for humans [3] and both TNT and RDX are 
classified as possible human carcinogens under group 3 in the International Agency for Research 
on Cancer carcinogenic categorization and Group C by the United States Environmental 
Protection Agency (USEPA) [4]. Since the estimated cost of complete cleanup at active military 
installations, closed bases, and other former military properties is in the tens of billions of US 
dollars [1], it is extremely important to have a better understanding of natural attenuation of 
explosives including sorption, biodegradation and mineralization in coastal marine habitats.                                      
1.2 The fate of TNT and RDX in the environment                                                                  
The fate of TNT and RDX in the environment is determined by physico-chemical properties of 
the compounds (solubility, octanol-water partition constant, vapour pressure, Henry’s law 
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constant) (Table 1) and environmental conditions (sediment properties, ionic strength, pH, redox 
conditions and biological factors) [4]. Geochemical differences in sediments including grain size, 
clay content and type, and quantity of organic carbon are critical variables in rate and extent of 
adsorption of explosive compounds onto sediment [4]. Marine systems are significantly different 
from freshwater environments in terms of pH, ionic strength and sulfate concentration which can 
result in different sorption kinetics for these compounds.                                                               
It is well established that TNT and RDX biodegrade forming various reduced by-products 
although significant uncertainties are observed in breakdown pathways [5-7]. Under both aerobic 
and anaerobic conditions, TNT is transformed to derivatives such as hydroxylamine nitro-
toluenes, mono-amino-dinitro-toluenes (2-ADNT, 4-ADNT) and di-amino-nitro-toluenes (2,4-
DANT, 2,6-DANT) those are more toxic than TNT. Under strict anaerobic conditions, 
triaminonitrotoluene (TAT) is produced, when all three nitro groups are substituted by NH2 
(Figure 1). And TAT can irreversibly bind onto the sediment so that it can serve as an effective 
remediation technique. That supports the idea that TNT is readily biodegradable, but, has poor 
mineralization and higher sorption affinity [8] But, some sulfate reducing bacteria, Clostridium 
and Desulfovibrio have the enzyme, reductive deaminase, which is responsible for converting 
triaminotoluene to toluene through deamination and complete mineralization of toluene to CO2 
has also been demonstrated under sulfate reducing conditions[9]. It has been recently found that 
mineralization rates were significantly lower than bacterial biomass incorporation rates for TNT 
by marine bacterial assemblages [10]. As nitrogen containing compounds, TNT and especially 
RDX with high N/C ratios are quite susceptible to microbial breakdown in nitrogen-limited 
marine ecosystems [11]. Higher organic content in marine environments facilitates the 
transformation of RDX compared to the organic poor groundwaters where RDX seems quite 
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persistent.                                                                                                                                    
Table 1: Physical-chemical properties reported at STP. NA= Not available. Table was obtained 
from SERDP project proposal 11 ER01-008 (Funded project ER-2122). 
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Figure 1: TNT biodegradation pathways under anaerobic conditions (Obtained from Khan et al., 
2012) [12]. 
 
 
Based on the physico-chemical properties of RDX, it is less soluble in water [13] and more 
persistent in surface water bodies where aerobic conditions prevail [14].  But, still 
biotransformation of RDX forming 4-nitro-2,4-diaza butanal (NDAB) was reported under 
aerobic conditions [7] (Figure 2). Anoxic/hypoxic sediment is a favorable biodegradation zone of 
RDX in natural coastal habitats and the extent of biodegradation relies on sediment properties 
[6]. Several benchtop studies have proven the microbial potential of biodegradation of RDX 
under anaerobic and/or hypoxic conditions coupled with microbial populations from soil, 
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sediment and sewage sludge [6]. It has been identified that nitro groups in RDX are reduced 
forming nitroso-triazines (MNX, DNX and TNX) [7] and characterization of N –containing 
derivatives is vital in N-limited coastal systems. Denitration, denitrification and ring breakdown 
involve in further mineralization of RDX [6,7,15], Resulted nitrites, nitrates and ammonium  can 
be used as nitrogen sources by microorganisms [11,16]. N2O and N2 are formed as ultimate 
mineralization products, mainly in low oxygen conditions [6,17,18].  
Figure 2: RDX transformation pathways under aerobic conditions. (Obtained from Halasz and 
Hawari, 2011) [7].  
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Figure 3: RDX transformation pathways under anaerobic conditions. (Obtained from Hawari et 
al., 2000) [7].  
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1.3 Aims, Goals and experimental approach 
Currently available literature on fate of TNT and RDX address freshwater and groundwater 
systems extensively [3] and a limited number of studies have been focused on marine 
environment in terms of identifying sorption kinetics and influence of environmental variables 
on fate of explosives, characterizing metabolites and mass balancing in the systems [5,10,11].    
Characterizing the dependence of temperature and ionic strength on sorption kinetics of these 
explosives is valuable for environmental process descriptors that have not been studied 
extensively in marine systems and for which available data is inconsistent [4]. A comparative 
study of sorption kinetics of munitions in fresh and marine environments has yet to be done in 
order to reveal the importance of sorption as a sink for explosives from the aqueous environment.  
 Microbial involvement of transformation of TNT and RDX should be evaluated as a 
comparative study to abiotic experiments to compare removal kinetics and biotransformation 
pathways. Most studies have been conducted using specific microbial cultures in controlled 
laboratory conditions [6,16,17,19] and the relative importance of fate and transport of TNT and 
RDX in natural systems, particularly marine settings, is unknown. It is vital to examine the 
biodegradation extent and pathways in different micro-environments with different redox 
conditions including surface water, porewater and sediment in the ecosystem [6] (Figure 4). 
Further, different geochemical parameters prevail in systems may yield considerable differences 
in the transformation of RDX in terms of breakdown products (quality and quantity), compound 
removal rates, biodegradation and mineralization efficiencies etc.  
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Figure 4: Possible pathways of RDX that enters the surface water in a coastal marine mesocosm. 
 
 
 
 
 
 
 
 
 
 
 
 
Here, we evaluated sorption kinetics of TNT and RDX and formation of degradation products 
under abiotic conditions using two sediment types (fine and coarse grained) in freshwater and 
marine systems at different temperatures for long term preservation of these compounds. 
Comparative bench-top sediment slurry experiments using fine grained, organic rich marine 
sediment were also conducted using 
15
N isotopically labelled TNT and RDX in order to 
characterize anaerobic biodegradation and mineralization in addition to sorption of these 
compounds onto sediment. The use of 
15
N labeled compounds in tracing the breakdown 
pathways of TNT and RDX entering inorganic nitrogen pools such as ammonium (NH4
+
), 
nitrates (NO3
-
), nitrites (NO2
-
) and nitrogen gas (N2) provides the nitrogen based mass balance of 
the systems that will help to reveal anaerobic transformation pathways and kinetics [5].  
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We have extended our laboratory studies on fate of RDX to mesocosms that replicate multiple 
ecosystem components including typical sed-water interface, and flora and fauna in order to 
minimize the data gap in sorption, biodegradation and mineralization of RDX in coastal marine 
ecosystems containing natural microbial assemblages. Using isotopically labelled RDX helps to 
trace the pathways of RDX in an ecosystem and enables a full nitrogen based, mass balance of 
the system. We conducted large, aquarium-scale and mesocosm-scale laboratory-simulated 
coastal marine habitats over 15 days and mesocosm-scale ecosystems represent different coastal 
environmental settings including subtidal non-vegetated, subtidal vegetated and intertidal marsh 
with different sediment characteristics, redox potentials and habituated microbial populations. 
RDX and its transformation products including reduced nitroso-derivatives and mineralization 
products in terms of dissolved inorganic nitrogen (DIN) in dissolved (surface water and 
porewater) and solid phases (suspended particulate matter, sediment and biota) of the ecosystem 
were monitored during the experiments. 
15
N enrichments of bulk sediment (
15
Nsed), suspended 
particulate matter (
15
NSPM) and biota (
15
N biota) were also measured in order to acquire a 
15
N mass 
balance of the system. Mechanistic differences in RDX transformation in different pools of the 
ecosystem including well aerated surface water and hypoxic/anoxic sediment were examined 
comprehensively in order to compare the ultimate fate of RDX in different nitrogen limited 
coastal marine habitats that has not been performed to date. Moreover, we use multi-variant 
analysis to evaluate the covariance of geochemical and physical conditions with RDX 
metabolism.  
Resulting outcomes from above mentioned comprehensive analysis of fate and metabolism of 
RDX help to evaluate the efficacy of natural attenuation of TNT and RDX in coastal marine 
habitats. This study also benefits the future studies related to the investigations and 
10 
 
characterization of munition contaminated coastal sites since it identifies variations in removal 
rates and pathways of TNT and RDX based on environmental characteristics.                            
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2.0 Sorption kinetics of TNT and RDX in anaerobic freshwater and marine sediments:  
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Study Water 
type/Location 
Sediment 
Type 
Sediment Characteristics System 
Characteristics 
Kinetic parameters 
TNT RDX 
% OC Clay% CEC 
(cmolkg-1) 
Temp (0C) 
 
pH k (hr-1) Kp     
(Lkg-1sed) 
k (hr-1) Kp     
 (Lkg-1sed) 
This Study Marine/Long 
IaIsland Sound 
 (30 ppt) 
 
Upper tidal sand 0.0038 0.80 - 4 7.9 0.5821 1.31 0.3163 0.87 
15  0.6180 0.92 0.3356 0.82 
23  0.4752 0.82 0.3013 0.72 
Intertidal silt 0.4101 56 - 4 7.9 0.6411 1.99 0.3554 1.32 
15  0.8001 1.40 0.3348 1.17 
23  0.5332 1.27 0.3120 1.08 
Fresh/Avery 
Point, CT 
(0.1ppt) 
Fresh water silt 0.9320 34 - 4 7.0 0.0065 3.14 0.0060 2.96 
15  0.0053 2.31 0.0052 2.49 
23  0.0046 1.94 0.0048 1.37 
Chappel et 
al., (2011) 
Marine (Artificial, 
20ppt) 
Coarse, Low OC 0.12 2.4 22 8 8.0 0.0115 - - - 
15  0.0040 - - - 
25  0.0016 - - - 
Medium, Low OC 0.84 10.0 53 8 8.2 0.0040 - - - 
15  0.0045 - - - 
25  0.0084 - - - 
Fine, High OC 2.27 40.0 188 8 7.9 0.0113 - - - 
15  0.0110 - - - 
25  0.0141 - - - 
Yamamoto et 
al., (2010) 
Ground 
water/MMR, MA 
Surface soil 1.84 7.9 9.20 22 4.73 0.00295* 2.5 0.00126* 0.36 
Deep soil 0.04 2.7 1.17  6.12 0.00144* 0.34 0.0031* 0.072 
Sheremata et 
al., (2001) 
Deionized water 
(Fresh) 
Agricultural top soil /  8.4 4 14.6 25 5.6 - - 0.0043* 0.83 
Brannon et 
al., (2005) 
- Biotic 
Marine/Artificial 
(20ppt) 
Medium, high OC 7.41 14 47 20 5.4 0.105 - 0.00048 - 
Medium, low OC 0.83 11 13 6.8 0.198 - 0.00108 - 
fine, high OC 1.92 39 40 6.6 0.0985 - 0.00671 - 
Deionized water 
(Fresh, 0 ppt) 
University Lake  7.41 14 47 20 5.4 0.102 - 0.00037 - 
Browns Lake  0.83 11 13 6.8 0.244 - 0.0009 - 
Texas Lake 1.92 39 40 6.6 0.158 - 0 - 
Dontsova et Fresh water Plymouth loamy sand/ 0.78 5.0 7.05 - 5.1 - 1.6 - 0.65 
2.7 Supplementary Material 
Table: S-1: Published sorption parameters of TNT and RDX under abiotic and biotic conditions.  
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* Calculated from original data 
 
 
 
 
al., (2006) - 
Biotic 
 Alder silt loam 0.20 4.5 7.83 - 8.2 - 2.4 - 0.48 
Ainsworth et 
al., (1993) 
Fresh water Soil,Horizon C 0.23 13 55.00 10 7.1 - 2.625* - - 
 20 - - 1.804* - - 
 23 - 0.012* 2.267* - - 
 50 - - 0.999* - - 
 Soil,Horizon BC 0.50 44 162.00 10 6.7 - 4.569* - 0.400* 
 20 - - 3.435* - 0.132* 
 50 - - 2.159* - - 
 Soil,Horizon AP 1.19 11 2.49 10 5.3 - - - 0.514* 
 20 - - - - 0.370* 
 23 - - - 0.0036* 0.690* 
 50 - - - - 0.274* 
Brannon et 
al., (1992) 
Fresh water Massonry sand 0.036 2.5 1.73 - - - 0.517 - 0.305 
Tunica silt 0.960 6.3 73.00 - - - 4.850 - 1.220 
Muck soil 9.130 - 168.00 - - - - - 3.170 
Pennington 
& Patrick, 
(1990)  - 
Biotic 
Fresh water High OC 3.592 23.8 102.0 - 6.77 0.7156* 7.2725 - - 
Low  OC 0.367 10.6 16.3 - 4.40 0.5637* 2.7377 - - 
Xue et al., 
(1995)  - 
Biotic 
Fresh water Norwood soil 0.32 18.0 4.10 - 7.4 - 3.64 - 1.57 
Kolin soil - 10.6 16.3 - 4.4 - 2.66 - 1.59 
Sharma et al., 
(2013)  -  
Biotic 
Fresh water Low OC 0.2 6.9 1.8 25 4.6 - - - 3.4 
Low OC, Soil horizon B 0.2 9.7 1.8 25 4.3 - - - 2.5 
High OC, Soil horizon E  3.0 1.5 3.9 25 3.8 - - - 6.9 
High OC 4.2 <1 7.1 25 5.2 - - - 8.7 
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Table: S-2: Mass balance of target compounds in fresh water and marine systems at three 
different temperatures. 
Sediment  
type 
Treatment Physical  
phase 
Compound  
Name 
Compound % 
4 
0
C 15 
0
C 23 
0
C 
Fresh  
Water silt 
TNT Aqueous TNT 48.8 57.9 56.9 
  4A-DNT 1.4 1.4 1.1 
 Particle TNT 41.6 36.7 35.7 
  4A-DNT 1.2 1.7 1.9 
 Unknown  7.1 2.3 4.4 
RDX Aqueous RDX 26.9 29.0 30.4 
  MNX 16.1 15.2 15.6 
 Particle RDX 12.8 10.9 8.7 
  DNX 2.6 2.8 2.7 
  TNX 5.9 7.6 8.2 
 Unknown  35.6 34.5 34.4 
Marine Silt TNT Aqueous TNT 23.6 15.6 21.8 
  4A-DNT 2.2 2.0 2.1 
 Particle TNT 7.6 7.2 9.0 
  4A-DNT 0.1 0.2 - 
 Unknown  66.6 75.0 67.1 
RDX Aqueous RDX 52.0 48.4 52.2 
  MNX 1.5 - - 
  TNX 27.6 15.9 0.4 
 Particle RDX 8.7 13.4 14.3 
  MNX 1.2 2.2 2.2 
  DNX 2.4 2.4 2.4 
 Unknown  6.7 17.6 28.6 
Marine Sand TNT Aqueous TNT 34.1 25.9 32.4 
  4A-DNT 4.7 2.8 2.4 
  2A-DNT 0.6 - - 
 Particle TNT 8.8 3.2 8.4 
  4A-DNT 0.1 - 0.1 
 Unknown  51.8 68.1 56.7 
RDX Aqueous RDX 53.3 45.0 48.6 
  MNX 6.5 7.8 18.7 
  TNX 13.5 9.4 24.2 
 Particle RDX 0.1 7.4 5.3 
  MNX - 2.2 1.1 
 Unknown  26.5 28.2 2.0 
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Table S3: Compound specific recoveries and detection limits for parent and transformation products. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Compound Detection limit 
(ng/mL) 
  
TNT 7.8 
2A-DNT 7.5 
4A-DNT 7.5 
RDX 7.2 
MNX 7.4 
DNX 7.3 
TNX 7.4 
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Figure S-1: GC-ECD chromatograms of munition compounds of A) standards B) water 
extraction from marine sand system C) sediment extraction from marine sand system  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A 
B 
C 
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Figure S-2: X-ray diffractometer (XRD) spectrums of clay compositions of A) freshwater silt B) 
Marine silt ; Peaks corresponds to plagioclase (Na-feldspar), k-feldspar and smectite group clays 
are shown at series of 2Ѳ angles of (3.18, 27.9) , (3.24, 27.5)   and (5.2, 17) respectively. 
(Reference: Open-File Report, US geological Survey) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
C 
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Figure S-3:  Time series ln values of aqueous concentrations of A) TNT in the marine sand 
system B) RDX in the marine sand system C) TNT in the marine silt system D) RDX in the 
marine silt system E) TNT in the freshwater silt system  F) RDX in the freshwater silt system at 
three different temperatures, 4
0
C, 15
0
C, 23
0
C.  
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3.0 Biodegradation and mineralization of isotopically labeled TNT and RDX in anaerobic 
marine sediments 
3.1 Abstract 
The lack of knowledge on fate of explosive compounds, 2,4,6-trinitrotoluene (TNT) and 
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) particularly in marine ecosystems constrains the 
application of bioremediation techniques in explosive-contaminated coastal sites. Here, we 
present a comparative study on anaerobic biodegradation and mineralization of 
15
N-nitro group 
isotopically labeled TNT and RDX in organic-carbon-rich, fine-grained marine sediment with 
native microbial assemblages. Separate sediment slurry experiments were carried out for TNT 
and RDX at 23
°
C for 16 days. Dissolved and sediment-sorbed fractions of parent and 
transformation products, isotopic compositions of sediment and mineralization products of the 
dissolved inorganic nitrogen (DIN) pool (
15
NH4
+
,
15
NO3
-
,
15
NO2
-
 and 
15
N2) were measured. TNT 
was removed from the aqueous phase at a faster rate (0.75 hr
-1
) than RDX (0.37 hr
-1
) and 
15
N 
accumulation in sediment was higher in the TNT microcosms (13%) than RDX (2%). Mono-
amino-dinitrotoluenes were identified as intermediate biodegradation products of TNT. TNT-N 
(2% of the total spiked) is mineralized to DIN through two different pathways:  denitration, and 
deamination and formation of NH4
+
, facilitated by iron and sulfate reducing bacteria in the 
sediments. Majority of the spiked TNT-N (85%) is in unidentified pools by day 16. RDX (10%) 
biodegrades to nitroso-derivatives, while 13% of RDX-N in nitro groups is mineralized to DIN 
anaerobically by the end of the experiment. NH4
+
 is the primary identified mineralization end-
product of RDX (40%) generated through either deamination or mono-denitration followed by 
ring breakdown. A reasonable production of N2 gas (13%) was seen in the RDX system but not 
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in the TNT system. RDX-N (68% of the total spiked) is in an unidentified pool by day16 and 
may include unquantified mineralization products dissolved in water. 
Keywords 
TNT, RDX, Anaerobic biodegradation, Marine sediment, 
15
N isotopically labeled 
3.2 Introduction 
Though the disposal of explosives into the ocean has been prohibited in the United States since 
the “ocean dumping act” in 1972 [1], intact, breached or buried munitions from past disposal 
activities slowly release explosive chemicals into the adjacent marine settings through corrosion 
and leaking resulting in potential risks to human health and the marine resources [2]. Ongoing 
Military training and weapon testing activities of the department of defense (DoD), which owns 
more than 10% of the 1,240 sites currently on the National Priorities List [3], is a continuous 
source of explosives in coastal environments where marine aquatic life is exposed, as are humans 
through direct exposure and/or the food chain [4]. Energetic compounds are not expected to 
persist over timescales of several years in coastal environments, but, explosive dumping sites and 
areas proximal to military training sites have shown persistent concentrations of energetic 
compounds [1,5].                                                                                                                         
TNT has been linked to altered liver function and anemia in humans [3]  and both TNT and 
derivatives including 1,3,5-trinitrobenzene, 2,4,6-trinitrobenzaldehyde , 4,6-dinitroanthranil, 
2,4,6-trinitrobenzonitril and N-hydroxylamines have shown toxicity and mutagenic potential in 
salmonella Typhimurium Strains, mammals and aquatic species (fathead minnow, rainbow trout, 
channel catfish, worms, oyster larvae) [4]. RDX is considered a known neurotoxin for humans 
[4] and both TNT and RDX are classified as possible human carcinogens under group 3 in the 
International Agency for Research on Cancer carcinogenic categorization and Group C by the 
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United States Environmental Protection Agency (USEPA) [6].                                         
Munitions contamination from explosives is widespread globally, including areas off the US 
coasts and Hawaii, Gulf of Mexico, North Sea, Baltic Sea, Mediterranean Sea and off the coasts 
of Europe and Russia [1]. Since the estimated cost of complete cleanup at active military 
installations, closed bases, and other former military properties is in the tens of billions of US 
dollars [1], it is extremely important to have a better understanding of natural biodegradation, 
mineralization pathways and rates to plan cost effective bioremediation techniques. Currently 
available literature on biodegradation of TNT and RDX address freshwater and groundwater 
systems extensively [4,7] and a limited number of studies have been focused on marine 
environment in terms of characterizing metabolites and mass balancing in the systems [8-10]. As 
nitrogen containing compounds, TNT and especially RDX with high N/C ratios are quite 
susceptible to microbial breakdown in nitrogen-limited marine ecosystems [9].                        
The breakdown of TNT and RDX is determined by both the environment and the physical-
chemical properties of the compounds which include solubility, octanol-water partition 
constants, vapor pressure, Henry’s Law constants and bond energies [6]. It is well established 
that TNT and especially RDX anaerobically biodegrade forming various reduced by-products 
although significant uncertainties are observed in breakdown pathways [10-12]. Anoxic sediment 
is a favorable biodegradation zone of TNT and RDX in natural coastal habitats [10,11]  and the 
extent of biodegradation relies on sediment properties including organic carbon content, surface 
charge and oxidation state, sediment texture and mineralogy, diversity and quantity of microbial 
populations and redox conditions [6,7]. It has been documented that nitro groups of TNT are 
reduced to amino groups forming mono, di and tri-aminotoluenes under anaerobic conditions 
[4,13,14]. Mineralization of TNT also has been reported in nitrate reducing [15] and sulfate 
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reducing conditions [14,15], but the extent and pathways of mineralization remain controversial 
[8,9,11]. RDX is known to anaerobically biodegrade through sequential reduction to form more 
toxic nitroso-derivatives [16]. Though it has been identified that denitration, denitrification, 
deamination and ring breakdown are involved in further mineralization of RDX [11,12,17], the 
relative importance of these mechanisms in natural systems, particularly marine settings, is 
unknown.                                                                                                                                    
Most of the existing studies evaluating the breakdown of TNT and RDX in sediments incubate 
pure microbial strains in nutrient rich media under laboratory controlled conditions [16,18]. A 
few studies have used natural coastal microbial assemblages to study TNT and RDX breakdown 
using isotopically 
14
C labeled [8,9]  and 
15
N labeled compounds [10,11]  suggesting the necessity 
of more experiments to characterize the metabolites and kinetic pathways of these compounds in 
marine sediments.                                                                                                                             
In this study, bench-top sediment slurry experiments using fine grained, organic rich marine 
sediment were conducted using 
15
N isotopically labelled TNT and RDX. Separate experiments 
were conducted for the two compounds over 16 days and time series data was obtained for a 
subset of degradation and mineralization products of target compounds over the course of the 
experiment. The data were combined to calculate transformation rates, trace the degradation 
pathways and develop mass balance models for TNT and RDX.  Further, this study allows for 
comparison of the removal of TNT and RDX from aqueous phases via both sorption and 
degradation under biotic conditions with that of a previous study performed under abiotic 
conditions [6] which had been conducted using a similar experimental set-up and sediment from 
the same field location, offering a novel and incremental comparison and this type of study has 
not been done related to the explosives in the past. The use of 
15
N labeled compounds in tracing 
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the breakdown pathways of TNT and RDX entering inorganic nitrogen pools such as ammonium 
(NH4
+
), nitrates (NO3
-
), nitrites (NO2
-
) and nitrogen gas (N2) provides the nitrogen based mass 
balance of the systems that will help to reveal pathways [10]. Identification and quantification of 
prominent pathways/ultimate pools of TNT and RDX facilitate determining the most suitable 
bioremediation techniques applied to marine sediments in coastal environments. Moreover, this 
approach may provide insight to favorable conditions for bioremediation including sediment 
properties and environmental parameters such as pH, redox, reduced sulfur and iron species.    
3.3 Materials and methods                                                                                                            
TNT and RDX (>99 purity) with and without isotopically labeled nitro groups were synthesized 
at the Naval Munitions Command, China Lake, CA, USA. All standards were purchased from 
Accustandard, New Haven, CT and solvents were high purity from Fisher Scientific. Sediment 
and sea water were collected from 41ᵒ18′03.42′′N / 72ᵒ07′14.09′′W and 41ᵒ19′04.50′′N / 
72ᵒ04′00.52′′W in the intertidal zones of Waterford and Groton, Connecticut, USA respectively. 
3.3.1 Incubation experiments                                                                                                    
Fine grained, organic rich marine sediment (100g) was mixed with filtered (polyethersulfone- 
0.2µm) sea water (30 ‰) at a mass ratio of 1:4 [19] in 500mL glass bottles covered with 
aluminum foil to inhibit photo-degradation. Sediment slurries were continuously mixed on 
magnetic stirrer plates at 23
0
C over the course of the experiment. After a 24 hr equilibration 
time, slurries were separately spiked with 36 µL of nitro group labeled 
15
N-TNT (15 atom % 
15
N 
total) or 41 µL 
15
N-RDX (7.5 atom% 
15
N total) dissolved in acetone to achieve concentrations of 
4 mg L
-1
 and 2.5 mg L
-1
 for TNT and RDX respectively. The final concentration of acetone was 
less than 0.01% by volume. Two separate experiments for TNT and RDX were conducted 
including three controls for each. Samples were collected in triplicates at preset intervals (5 total) 
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over the 2 week duration of the experiment and each slurry was sacrificed at the time of 
sampling. Aqueous samples were collected for quantifying target and breakdown products 
including a subset of transformation and mineralization products while sediment samples were 
analyzed for target and breakdown products and sediment bulk 
15
N.                                        
3.3.2 System characterization                                                                                             
Physical parameters of the systems including pH, temperature and salinity were measured using 
a YSI probe (YSI 556 MPS). Redox potentials of sediment systems were measured using a 
platinum electrode (Paleo Terra, Amsterdam) relative to an Ag/AgCl reference electrode (Fisher 
Scientific) over the course of the experiment. Water samples were filtered through 
polyethersulfone - 0.2µm (0.2 µM PES) syringe tip filters and analyzed for nutrients including 
NH4
+
 and total NO3
-
 and NO2
-
 using a Smartchem nutrient analyzer (Westco-W12623) following 
cadmium azo-dye and phenol hypochlorite methods [7], respectively. A 40 ml water sample was 
filtered (0.2 µM PES) and acidified with hydrochloric acid to a pH of 2 for dissolved organic 
carbon (DOC) analysis using a total organic carbon (TOC) analyzer (Shimadzu TNM-1). 3 ml of 
water were filtered (0.2 µM PES) and analyzed using a ferrozine method [20]  and methylene 
blue method [21] for dissolved ferrous and hydrogen sulfide respectively in aqueous phase by 
UV/Vis spectrophotometer (Hitachi-U-30110).Sediment was characterized for TOC, total 
nitrogen (TN) and total elemental sulfur (S) using a Perkin Elmer elemental analyzer (NA 1500). 
Sediment texture was determined using a mechanical sieve analyzer with a set of sieves from 
0.063 mm to 2.0 mm. Clay compositions in the sediment were determined by X-ray 
diffractometer (XRD) (Rigaku Ultima IV / Cu Kα (λ = 0.15406 nm) radiation; beam voltage 40 
kV;  beam current  44 mA).                                                                                                         
3.3.3 Explosives analysis 
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Reduced degradation products, including TNT-derived 2-amino-4,6-dinitrotoluene (2-ADNT) 
and 4-amino-2,6-dinitrotoluene (4-ADNT), and RDX-derived Hexahyro-1-nitroso-3,5-dinitro-
1,3,5-triazine (MNX), Hexahyro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX), and Hexahyro-
1,3,5-trinitroso-1,3,5-nitro-1,3,5-triazine (TNX), were analyzed in aqueous and sediment 
samples. A modified salting-out method [22] adapted for smaller sample sizes was used for 
extraction of munition compounds from aqueous samples following methods described in 
Ariyarathna et al. [6]. An average recovery of 99.1 ± 0.5% was obtained for known amounts of 
1, 2-dinitrobenzene (1,2-DNB) in water extractions. Sediment bound munitions were extracted 
using 2g of freeze dried sediments [6] and average recoveries of munitions from sediment 
samples were 82 ± 7 % based on 1,2-DNB added to the triplicate sediment samples. Both water 
and sediment extractions were analyzed using gas chromatography (GC)/electron-capture 
detection (ECD) following the methods described by Ariyarathna et al. [6]. 3, 4-dinitrotoluene 
(3,4-DNT) was added to each extract prior to injection to monitor detection efficiency. Explosive 
analysis was performed with an Agilent GC/ECD [6] equipped with an HP-DB5 column (30 m x 
320 µm, 0.25-µm; Agilent). Quantification was based on an external calibration curve of 
available standard munitions TNT, 2-ADNT, 4-ADNT, RDX, MNX, DNX and TNX. 
(AccuStandard, New Haven, CT).  The average reporting limit for all compounds was 7.8 ng 
mL
-1
.
  
3.3.4 Bulk 
15
N analysis in sediment 
Freeze dried sediment samples were analyzed using a continuous flow elemental analyzer – 
isotope ratio mass spectrometry (EA-IRMS: Delta V, Thermofisher) at the University of 
Connecticut for 
15
N enrichments.  Nitrogen isotope ratios are reported in δ notation as follows: 
δ15N = [(Rsample – RSTD)/RSTD]                (1) 
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where RSTD is the 
15
N/
14
N ratio of atmospheric nitrogen and Rsample is the 
15
N/
14
N ratio of the 
sample. δ15N values are reported in parts per mil (‰) and external calibration was done using 
glutamic acid standards purchased from US Geological Survey. USGS 40 and USGS 41 were 
used for the quantification of 
15
N mass in sediment (Equation 2). Triplicate sediment samples 
replicated with coefficient of variance of 0.35.  
15
N mols Excess = N mols * (X
15
Nt – X
15
Nt0)                                          (2)   
where the total N mass, and mole fractions of 
15
N at time t (X
15
Nt ) and time 0 (X
15
Nt0) were 
obtained from an elemental analyzer – isotope ratio mass spectrometry EA-IRMS (Delta V, 
Thermofisher).                                                                                                                             
3.3.5 Mineralization product analysis                                                                                       
The mineralization products, 
15
NH4
+
, 
15
N2 and total 
15
NO2
-
 and 
15
NO3
- 
(
15
NOX) in the aqueous 
phase, were quantified using IRMS techniques. Filtered (0.2 µM PES), frozen water samples 
were extracted for NH4
+
 following the methods from Holmes et al. [23]. NH4
+
 in aqueous 
samples was converted to ammonia using magnesium oxide and absorbed onto glass fiber filters 
trapped in a sealed filter packet. Dried glass fiber filters were analyzed for 
15
N
 
using a continuous 
flow EA-IRMS similar to the analysis of bulk 
15
N in sediments. Microcosm samples where done 
in triplicates at each time point and replicated with coefficient of variance of 0.8 while extraction 
efficiencies were between 95-105% based on the recovery of NH4NO3 standards. Moles of 
15
NH4
+
 were calculated using NH4
+
 concentrations and mole fractions of 
15
N (X
15
Nt and X
15
Nt0) 
obtained from Smartchem nutrient analyzer and EA-IRMS respectively (equation 3).  
15
NH4
+
 mols Excess = NH4
+
 mols * (X
15
Nt – X
15
Nt0)            (3) 
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15
N2 in water samples was determined using continuous flow isotope ratio mass spectrometry on 
a Thermo Delta V Plus with a Gas Bench interface (GB-IRMS). Triplicate gas samples were 
collected at each time point by pumping unfiltered seawater into 30 ml serum bottles that had 
previously been sealed, pre-loaded with 750μl of 2N KOH (for preservation), and flushed with 
He for 12 minutes [11].  After at least 6 hours of headspace equilibration, the isotopic 
composition of N2 (δ
15
N2) was measured with coefficient of variance of 0.2. By applying 
Henry’s law [24] , dissolved N2 mols in aqueous phase, N2 mols,aq was calculated by using N2 
determined based on air standards, N2 mols,air and dimensionless Henry’s law constant, KH 
(equation 4).        
N2 mols,aq = N2 mols,air / KH                                     (4)  
15
N2 aq was calculated from the measured mole fraction of dissolved N2
 
(X
15
N2) and aqueous N2 
concentration.             
δ15NOX (total
15
NO2
-
 and 
15
NO3
-
) values were obtained via the denitrifier method using 
Pseudomonas aureofaciens [10] at the US Geological Survey (USGS) in Reston, VA on water 
samples filtered through a 0.2µM PES filters and frozen. Moles of 
15
NOX were calculated using 
NOX concentration and mole fractions of 
15
N (X
15
Nt and X
15
Nt0) obtained from Smartchem 
nutrient analyzer and GB-IRMS respectively (equation 5).   
15
NOX mols Excess = NOX mols * (X
15
Nt – X
15
Nt0)                               (5) 
3.3.6 Data analysis 
The measured time series concentrations of TNT and RDX in water [Ci] were used to calculate 
removal rate constants of compounds according to equation 6,  
ln [Ci] = -kr,it + ln [Ci]t=0                                                       (6) 
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where t is time (hr) and kr,i is the first order removal rate constant of compound i in hr
-1
.  
The rate of formation of mineralization product j was used to derive the first order formation rate 
constant (kf,j) wherein for n first order degradation products,   
kr,i = kf,1 + kf,2 +…+ kf,n                                     (7) 
The measured time series concentrations of degradation products, Cproduct j were used to estimate 
the removal rate constants wherein 
kf,j[Cparent i] - kr,j[Cproduct j]   =   kr,j[Cproduct j]net                                                                                (8) 
where t is time (hr) and k is the first order rate constant in hr
-1
. 
Removal rate constants (Equation 6) represent the total of sorption, biotic and abiotic 
transformation while degradation and mineralization rate constants (Equation 7, 8) consist of 
biotic and abiotic transformation. Furthermore, the total biotic component was obtained by 
subtracting aquatic concentrations in abiotic treatments from the aquatic concentrations in biotic 
treatments (Total of biotic and abiotic) based on biotic removal rate constants of TNT and RDX 
were calculated using equation 7 and 8. 
A mass balancing approach was based on 
15
N equivalents in masses of each analyzed N-
containing parent and derivative pools and illustrated in following equations (Equations 9 and 
10). 
15
N-TNTsystem = 
15
N-TNTwater + 
15
N-TNTsediment + 
15
N-2A-DNTwater + 
15
N-2A-DNTsediment + 
15
N-
4A-DNTwater + 
15
N-4A-DNTsediment + 
15
N-NH4
+
water + 
15
N-N2 water + 
15
N-NOX water + unidentified 
15
N-compounds water and/or sediment                        (9) 
where, 
15
N-TNTsystem represents total mols of 
15
N-TNT spiked into the system and all the other 
terms represent 
15
N moles measured in different TNT-derived metabolites in water and sediment.  
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15
N-RDXsystem = 
15
N-RDX water + 
15
N-RDX sediment + 
15
N-MNXwater + 
15
N-MNXsediment + 
15
N-
DNXwater +
15
N-DNXsediment + 
15
N-TNXwater + 
15
N-TNXsediment + 
15
N-NH4
+
water + 
15
N-N2 water + 
15
N-NOX water + unidentified 
15
N-compounds water and/or sediment                     (10)                                                                                      
where, 
15
N-RDX system represents total mols of 
15
N-RDX spiked into the system and all the 
other terms represent 
15
N measured in different RDX-derived metabolites in water and sediment.   
Bacterial incorporation of nitrogen from energetics are calculated using incorporation rates 
published in [9] (Incorporation rates for TNT and RDX are 27.3 µg C L
-1
 d
-1
 and 4 µg C L
-1
 d
-1
 
respectively at salinity of 30 PSU).                                                                                       
Principle component analysis (PCA) was carried out to obtain a better understanding of 
transformation pathways and to evaluate the effect of geochemical variables on the breakdown of 
TNT and RDX in anaerobic marine sediment systems. PCA was performed using all measured 
pools of 
15
N and geochemical variables as metrics at 16 days for both TNT and RDX 
microcosms separately using ‘Excelstat’.  Metrics used in PCA were mean normalized, and 
missing gaps in the data were filled using the values of the detection limit of the instruments of 
particular analysis.                                                                                                                          
3.4 Results                                                                                                                                   
3.4.1 Removal of TNT and RDX from the aqueous phase                                               
Incubation experiments for TNT and RDX were conducted anaerobically [25] with redox 
potential varying from 53mV to -133mV and from 83mV to -231mV respectively (Table 1) 
throughout the experiment. Table 1 summarizes the physical system over the time series. 
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Table 1: Time series variation of chemical and physical properties of slurry water for TNT and 
RDX systems in this study (n=3) 
Tre
atm
ent 
Ti
me 
poi
nt 
Physical properties Chemical properties 
pH Redox(mV) DOC 
(µM) 
NH4
+ 
(µM) 
Tot. NO2
-
& 
NO3
-
 (µM) 
H2S (µM) Fe
+2 
(µM) 
TNT T0 7.41±0.01 41.13±2.66 1685±56 36±4 3.4±1.2 ND 2.20±0.08 
 T1 7.33±0.05 54.30±2.59 2437±405 70±16 7.6±3.0 ND 2.54±0.19 
 T2 7.03±0.02 39.93±5.20 2419±68 78±8 0.22±0.22 ND 4.30±1.33 
 T3 7.19±0.09 29.40±3.93 2066±569 86±25 2.1±0.4 ND 3.48±1.26 
 T4 6.97±0.05 -26.1±19.95 909±20 24±15 3.5±1.8 ND 18.15±6.62 
 T5 7.10±0.18 -133.5±4.95 918±184 21±16 ND 70.41±0.39 33.27±0.39 
RDX T0 7.50±0.08 83.37±2.00 1912±27 196±1 1.3±0.8 ND 6.94±2.34 
 T1 7.53±0.16 73.97±0.91 2423±8 27±3 4.2±2.7 ND 3.95±0.63 
 T2 7.38±0.05 69.57±0.90 2669±312 48±4 4.6±2.5 ND 4.10±0.36 
 T3 7.17±0.01 59.33±1.53 2432±323 136±91 3.8±0.9 ND 12.62±1.53 
 T4 7.03±0.12 47.03±22.3 1759±435 398±236 0.19±0.08 ND 33.92±18.32 
 T5 7.14±0.09 -231±64.37 1262±263 373±61 0.17±0.09 530.94±20.32 91.54±10.26 
T0, T1, T2, T3, T4 and T5 represent 0, 0.45, 2.5, 48, 244, 388 hr for TNT treatments and 0, 0.75, 2.5, 72, 
244, 388 hr for RDX treatments throughout the experimental time periods; DOC = Dissolved organic 
carbon includes the spike of munitions; NH4
+ 
= ammonium; Tot. NO2
- 
& NO3
-
 = Total nitrite and nitrate; 
H2S = Hydrogen Sulfide; Fe
+2 
= Ferrous; ND = not detected 
 
TNT was rapidly removed from 17.6 µM to 0.028 µM in the aqueous phase following first order 
kinetics with a rate constant of 0.75 ± 0.08 hr
-1
. This was greater than that in a similar 
experimental set-up under abiotic conditions which contained a different batch of sediment 
samples from the same field location determined in Ariyarathna et al. [6] of 0.53 ± 0.08 hr
-1
 
(Table 2). The total TNT removal rate constant solely from the biotic component (biodegradation 
and biotic mineralization) is estimated as 0.22 ± 0.11 hr
-1
 (Supplemental data, Table S1). 2-
aminodinitrotoluene (2A-DNT) and 4-aminodinitrotoluene (4A-DNT) were identified as 
measurable derivatives of TNT in the aqueous phase (Figure 1A), rapidly forming until t = 2.5 hr 
at rates of 0.028 hr
-1
 (R
2
 = 0.99) and 0.030 hr
-1
 (R
2
 = 0.99) respectively (Table 2).  
Table 2: First order rate constants of production and loss of analytes in anaerobic marine 
sediment slurries at 23 
0
C 
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 Abiotic removal rates were obtained from Ariyarathna et al., 2015 under similar experimental conditions. 
Loss rate of NOx was not calculated due to the limited data availability not enough measurable data 
points to calculation; *Rates of DNT’s and TNX in sediments are appearance rates and represent both 
sorption equilibrium with the dissolved phase and transformation of TNT on the sediment 
   
Monoaminodinitrotoluenes (MADNTs) further degraded to just above detection limits in the 
aqueous phase by day 10. The first order removal rate constants of 2A-DNT and 4A-DNT from 
the aqueous phase are 0.52 hr
-1
 and 0.56 hr
-1
 respectively (Table 2). The TNT removal rate is 1.4 
times higher compared to the removal rates of monoamino-derivatives from the aqueous phase. 
The ratio of aqueous MADNTs to TNT increased from 0.05 - 0.58 until 2.5 hr (Table 3). RDX 
was removed in water from 11.3 µM to 0.89 µM and the removal (0.37 ± 0.01 hr
-1
) was greater 
than that of the abiotic system (0.31 ± 0.06 hr
-1
)  [15] (Table 2, Figure 1B).  
Figure 1: Time series aqueous concentrations of A) TNT and amino derivatives B) RDX and 
nitroso derivatives 
Treatment Medium Analyte Rate constant (hr
-1
) 
   Production Rate Loss Rate 
TNT/Abiotic Aqueous TNT - 0.53 (R
2
 = 0.78) 
TNT/Biotic Aqueous TNT - 0.75 (R
2
=0.94) 
  4A-DNT 0.030 (R
2
=0.99) 0.56 (R
2
=0.85) 
  2A-DNT 0.028 (R
2
=0.99) 0.52 (R
2
=0.98) 
  NH4
+
 0.047 (R
2
=0.42) Steady state at day10 
  NOX 0.47 (R
2
=1) 0.0067 (R
2
=0.85) 
 Sediment Bulk 
15
N 0.017 (R
2
=0.99) Steady state at day 2 
  TNT Peaks at 0.45hr 0.0049 (R
2
=0.89) 
  4A-DNT 0.095 (R
2
=1)* 0.046 (R
2
=0.54) 
  2A-DNT 0.19 (R
2
=1)* 0.16 (R
2
=0.59) 
RDX/Abiotic Aqueous RDX - 0.31 (R
2
 = 0.87) 
RDX/Biotic Aqueous RDX - 0.37 (R
2
=0.79) 
  TNX Peaks at 0.75hr Steady state at 0.75hr 
  NH4
+
 -initial 0.017 (R
2
=0.83) Approaching  steady state 
after16 days   NH4
+
 -final 0.0061 (R
2
=0.87) 
  NOX 0.0138 (R
2
=0.99) Not calculated 
  N2 0.041 (R
2
=0.91) Steady state at day 3 
 Sediment Bulk 
15
N Peaks at 0.75hr 0.0021 (R
2
=0.86) 
  RDX Peaks at 0.75hr 0.0091 (R
2
=0.87) 
  DNX Peaks at 0.75hr 0.0006 (R
2
=0.88) 
  TNX 0.0005 (R
2
 =0.69)* 0.0012 (R
2
=0.80) 
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This yields a smaller RDX removal rate constant that can be attributed solely to biotic 
components (biodegradation and biotic mineralization) of 0.06  ± 0.06 hr
-1
 (Supplemental data, 
Table S1).  TNX was the only identified nitroso-derivative of RDX and it appeared in the 
aqueous phase at 0.75 hr after spiking and remained constant throughout the experiment (14 
days). The ratio of TNX to RDX increased from 0.17 to 1.29 in the aqueous phase over the 
experiment (Table 3). Removal rate constants of TNT and RDX in the aqueous phase increased 
by up to 42% and 19% respectively in the presence of marine microbial assemblages compared 
to abiotic conditions under the same experimental set-ups as shown in Table 2 [6]. Aqueous 
munition profiles of parent and daughter products comparing biotic and abiotic treatments are 
shown in Table S2 in supplemental section. 
A 
B 
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Table 3: Time series aqueous, sediment and total percentages of parent and transformation 
products in TNT and RDX microcosms 
Treatment Time (hr) Parent compound % Trans. products % 
 Aq Sed Tot Aq Sed Tot 
TNT 0 100.00 0 100.00 0 0 0 
0.45 49.47 0.09 49.56 2.25 0.13 2.38 
2.5 14.49 0.08 14.57 8.45 0.17 8.62 
48 6.19 0.04 6.23 1.46 0.04 1.50 
244 0.20 0.02 0.22 0.19 0.03 0.22 
388 0.16 0.01 0.17 0.09 0 0.09 
RDX 0 100.00 0 100.00 0 0 0 
0.75 53.28 2.67 55.95 9.20 0.44 9.64 
2.5 41.79 1.98 43.77 9.50 0.43 9.93 
72 30.46 0.36 30.82 8.97 0.44 9.41 
244 15.54 0.11 15.65 9.46 0.33 9.79 
388 7.52 0.07 7.59 9.73 0.29 10.02 
Trans. = Transformation products; Aq = Aqueous; Sed = Sediment; Tot = Total in aqueous and sediment; ND = No 
data 
3.4.2 Partitioning of TNT, RDX and their derivatives onto sediment                               
Marine silty sediments with a medium grain size of 0.5 mm comprised of 56 % silt and clay with 
smectite group clays and feldspar as the dominant clay types were used for slurries in the 
experiment (chemical and textural properties of sediment are shown in Supplemental data, Table 
S3). The sediments had an organic carbon content of 4.10 mg g
-1
sed (0.41 % OC) (Table S3) 
which raised the dissolved organic carbon content by 239-369µM in the aqueous phase of the 
slurries above that of normal seawater (185µM) at time 0 (Table 1). The spike added 1471-
1675µM DOC due to acetone and 15-55µM DOC due to the compounds.   
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Bulk 
15
N in sediment during TNT treatments increased rapidly (0.017 hr
-1
) (Table 2) from an 
initial δ15N value of 6‰, to 165‰ (Supplemental data, Table S4) within 2 days (Figure 2A). 
Only 0.1 – 5.6 % of total15N in sediments during TNT treatments was identified as TNT, 4A-
DNT and 2A-DNT (∑TNT) and the majority (94.4 – 99.9 %) resided in other pools (Figure 2B). 
The average ratio of mono-amino-derivatives to TNT found in sediment throughout the 
experiment was 1.2 ± 0.8 (Table 3). However, TNT, 4A-DNT and 2A-DNT concentrations 
started decreasing in sediment after 0.45 hr, 0.45 hr and 2.5 hr respectively. Over this time, bulk 
15
N in sediment continued rising for 2 days where it then plateaued.                                             
In RDX treatments, bulk
 15
N in sediment varied from a δ15N value of 9‰ to 47‰ (Table S4) and 
rapidly increased to a peak value of 7.7 x 10
-4
µmol g-1 sed within 0.75 hr after spiking, followed 
by a slow decrease at a rate of 0.0021 hr
-1
 (Table 2, Figure 2A). Between 88-22% of total 
15
N in 
sediment was identified as RDX, DNX and TNX (∑ RDX), and 12 – 78% resided in other pools 
for over the duration of the experiment (Figure 2C).                                                                  
RDX disappeared from the sediment at a rate of 0.0091 hr
-1 
(Table 2),
 
and nitroso-derivatives 
DNX and TNX were first observed in sediment at 0.75 hr. Sediment concentrations of DNX and 
TNX slowly decreased following rate constants of 0.0006 hr
-1 
and 0.0012 hr
-1
 after day 3 of 
spiking respectively (Table 2). The ratio of RDX to identified nitroso-derivatives in sediments 
decreased from 6.1 to 0.2 over the course of the experiment (Table 3). Sediment-sorbed munition 
profiles of parent and daughter products comparing biotic and abiotic treatments are shown in 
Table S2 in supplemental section. 
Figure 2: Time series A) bulk 
15
N concentrations in sediments for TNT and RDX treatments B) 
Contribution of total 
15
N in sediment by munitions for TNT treatments C) Contribution of total 
15
N in sediment by munitions for RDX treatments. 
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3.4.3 Mineralization of munitions to dissolved inorganic nitrogen (DIN)                    
Measured aqueous mineralization products including NH4
+
, NOX and N2 show elevated 
enrichments for δ15N relative to the natural levels in sediment slurries (Table 4). Excess 15NOX 
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concentrations in slurry water during TNT treatments rapidly increased within 0.45 hr from 
spiking, followed by a first order decay after 0.45hr (0.0067 hr
-1
; R
2
 = 0.85) and almost 
disappeared after the two-week time period (Table 2, 4). In RDX treatments, excess 
15
NOX 
concentrations in slurry water increased until day 3 with a formation rate of  0.014 hr
-1
(R
2
 = 
0.99) and were removed by day 10 (Table 2, 4). TNT derived NH4
+
 production approached 
steady state conditions after 10 days from spiking (Figure 3) and the formation rate constant was 
0.048 hr
-1
 (R
2
 = 0.42) (Table 2). δ 15NH4
+ 
in RDX treatments continuously increased (Table 4) 
also approaching steady state after 10 days after a reduction in the formation rate from 0.017 hr
-1
 
(R
2
 = 0.83) to 0.0061 hr
-1
 (R
2
 = 0.87) (Figure 3). Elevated
 δ15N enrichments for N2 were 
observed in RDX treatments, although, no N2 production was detected in TNT treatments (Table 
4). RDX-N derived N2 was produced linearly over time at a rate of 0.041 hr
-1
 (R
2
 = 0.91) (Figure 
3) until day 3, where it reached steady state (with the exception of the last two time points, where 
sampling may have increased gas transfer losses). 
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Table 4: DIN (NH4
+
, N2 and NOX) production from TNT and RDX 
 
Treatment Time 
(hr) 
δ 15NH4
+
 δ 15NOX δ 
15
N2 nmol 
Excess 
15
NH4
+
 
nmol 
Excess 
15
NOX 
nmol 
Excess 
15
N2 
Munition 
derived 
DIN % 
TNT 0 12.69 11.84 -1.77 0.83 0.300 0 0 
0.45 144.5 3203 -0.08 15.99 21.76 0 1.07 
2.5 89.01 6295 -0.70 12.48 10.89 0 0.66 
48 376.5 4654 -0.34 48.15 7.84 0 1.59 
244 2987 3424 -0.93 64.55 2.85 0 1.92 
388 1714 0 -0.67 63.85 0 0 1.81 
RDX 0 10.06 0 -1.23 3.08 0 0 0 
0.75 100.9 1123 0.5 1.73 15.57 0.83 0.81 
2.5 159.9 1089 2.39 10.20 16.84 2.57 1.32 
72 311.7 9227 23.97 41.17 42.65 25.04 4.84 
244 420.5 0 14.92 223.9 0 14.81 10.61 
388 463.9 0 14.08 274.2 0 14.46 12.66 
Values correspond to 0 hr indicate before spiking background levels and all the other data points are corrected for 
background values. Spiked 
15
N equivalents of TNT and RDX treatments are 3520 nmol and 2250nmol 
respectively; ND = No data 
Mineralization of RDX into all DIN pools including NH4
+
, NOX and N2 was 1 – 13 %, 10 times 
higher than the fraction observed for TNT (1% - 2%) throughout the experiment. Mineralization 
products in TNT sediment slurries increased until day 10 and stayed constant (1.9% relative to 
total TNT-N added) for the rest of the experimental time period while for RDX the percent 
mineralized increase from 0.8% to 13% throughout the experiment (16 days) (Table 4). NH4
+
 
made up 42-86% and NOX accounted for 58-14% of measured mineralization products for TNT 
sediment slurries. For RDX treatments, NH4
+
, NOX and dissolved N2 gas were responsible for 
10-39%, 86-48% and 5-13% of total mineralization respectively. 
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Figure 3: Time series variation of munition derived NH4
+
 and N2 in both TNT and RDX 
sediment slurries. 
 
3.4.4 Mass balancing approach of TNT and RDX systems                                                   
Time series mass balances of TNT and RDX systems in terms of 
15
N equivalents include the 
mineralization products (NH4
+
, NOX and N2), aqueous parent compound, selected derivatives, 
partitioning of compounds onto bulk sediment and unidentified 
15
N incorporation onto sediments 
through other processes (Figure 4). Aqueous TNT dropped from 49 % to 0.2 % over the two 
weeks. Between 3 % -13% of spiked TNT partitioned onto sediment during the experiment. 
Insignificant mineralization of TNT in terms of NH4
+
 and NOX (1% - 2%) was observed while 
unidentifiable 
15
N pools increased from 45% to 85% for TNT treatments throughout the 
experiment. Based on uptake rates from Montgomery et al. [9], up to 0.002 – 2.0 µmol of TNT 
may be incorporated into the bacterial biomass over the duration of the experiment. Bacterial 
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incorporation could account for 0.4% of the unidentified pool at 0.45 hr but up to 100% at 10 
days (Supplemental data, Table S5). 
Figure 4: Time series full 
15
N mass balance based on 
15
N added to the system for A) TNT 
treatments B) RDX treatments. TNT Aq = Aqueous TNT; Tot deri-TNT Aq = Aqueous 2A-DNT 
and 4A-DNT; RDX Aq = Aqueous RDX; Tot deri-RDX Aq = Aqueous TNX   
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The percent of RDX remaining in the dissolved phase was higher than for TNT although it 
decreased from 53 % to 8 % over time. TNX remained in the water at an average constant 
percentage of 9.4% of total spiked RDX (Table 3). The percentage of spiked RDX that 
partitioned onto sediment was comparatively less than TNT and it decreased from 3.8 % to 1.8 % 
over the experiment. Nitrogen containing mineralization products (NH4
+
, NOX and N2) 
accounted for 1% -13% of spiked RDX throughout the experiment and unidentifiable 
15
N pools 
increased for RDX treatments from 33% at the 0.75hr after spiking to 68% at the end of the 
experiment. For RDX, bacterial incorporation ranges from 0.0003 to 0.2 µmols and 0.1- 34% of 
unidentifiable pools have been identified as incorporated biomass in bacteria (Table S5). 
3.5 Discussion 
3.5.1 Fate of TNT in anaerobic sediments 
TNT is rapidly removed from the aqueous phase following first order kinetics through initial 
sorption and abiotic degradation [6]  and via biodegradation by microbes in anaerobic sediments 
[13,14,18]. TNT removal rate constants decrease from highest to lowest in the order of: biotic 
marine organic carbon (OC) rich silt > abiotic marine OC rich silt > abiotic marine OC poor sand 
> abiotic freshwater OC rich silt [6]. Increases in removal rates constants of TNT from the 
aqueous phase up to 42% in the presence of microbes illustrates the importance of native 
microbial assemblages in marine sediment towards TNT remediation. Removal rate constants of 
compounds in the abiotic system are composed of two parameters; sorption onto sediment and 
abiotic transformation. Based on the production rates of measured transformation products, 
abiotic transformation could account for 2% of total spiked TNT and up to 9% through sorption 
[6]. Therefore, sorption plays a major role in removing TNT from the aqueous in all systems and 
is the major removal in abiotic systems. In biotic systems, biotic transformation of TNT is up to 
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9% of total spiked TNT (in terms of measured transformation products confirming 
biotransformation) is a significant removal process. Integrated sorption and biodegradation 
becomes the most effective removal mechanism of TNT particularly since sediments act as a 
biofilm carriers by providing a surface for microbes to attach [10,26] and enhancing the dual 
sorption, biodegradation effects. TNT biodegrades to MADNTs (2A-DNT and 4A-DNT) along 
the pathway of forming further reduced transformation products [13,27] however, 
diaminomononitrotoluenes (DANTs) and triaminotoluene (TAT) were not quantified in this 
study. Formation of TAT requires a redox potential below -200mV [10,13] which was not 
reached in our anaerobic sediment microcosms where redox potentials ranged from 53mV to -
133mV. However, the appearance and subsequent disappearance of MADNTs soon after the 
TNT sorption maximum suggests that 2A-DNT and 4A-DNT are intermediates of TNT break 
down pathways [13,27]. TNT is removed from the aqueous phase faster (1.4 times) than for 
MADNTs revealing other possible pathways of TNT breakdown under anaerobic conditions 
[13,27] than the reduction through amino derivatives. Even though rapid biodegradation of TNT 
is reported in this study, observed production of derivatives, 2A-DNT and 4A-DNT, is small 
(0.1-8.6% of spiked TNT). The persistence of MADNTs implies that the production rates and 
removal rates are balanced while the removal of the 2A-DNT and 4A-DNT overtakes their 
respective production rates as they do not persist.  
Partitioning of 13% of spiked TNT onto sediment highlights the role of sediment in reducing the 
bioavailability of TNT and derivatives in aquatic systems [6,28] and further proposes new 
insights for sediment sorption related bioremediation techniques. Bulk 
15
N values in sediment 
rapidly increased, followed by a plateau, strongly suggesting that TNT and then its derivatives 
must have been sorbed onto the sediment [10] and maintained steady state or persisted relatively 
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high percentages of silt and clays (56%) [29] and organic carbon (4.1 mg g
-1
 sed) [30] found in 
the marine sediment used in this experiment facilitate the sorption of TNT and amino derivatives 
through electrostatic forces and hydrophobic partitioning [6]. TNT and mono amino derivatives 
are responsible for a small percentage of bulk 
15
N in sediment (2%) and also disappear soon after 
they reached maximum production, leaving the majority of bulk 
15
N in sediment unaccounted 
for. The most likely pools for this 
15
N include unquantified degradation products including 
DANTs and TAT [10] or incorporation of 
15
N into microbial biomass [8,9]. 
Mineralization of dissolved TNT and derivatives by anaerobic marine microbial assemblages [8-
10] to DIN, including NH4
+
 and NOX is reported in this study, although the relatively small 
yields (2% of spiked TNT) agrees with previously published experiments [8,9]. Principal 
component analysis (PCA) of time series 
15
N pools reveals two possible pathways of 
mineralization of TNT under our experimental conditions (Figure 5A). Measurements (PCA 
scores) found as clusters in the PCA plot are influenced by the same underlying factors.  PC1 
reflects the duration of the experiment, with fresh TNT in both dissolved and sorbed phases 
plotting in the far right quadrant, and mineralization products in the far left quadrant. PC2 
represents aqueous and sediment geochemical variables, specifically, the pH and %OC content. 
15
NH4
+
 and 
15
NOX are negatively correlated in the PCA plot suggesting these products are 
involved in two different pathways of mineralization. Denitration of TNT takes place [13,31] in 
the early phase of the experiment when less reduced transformation products are available and 
redox potentials are 41 to 54 mV.  The NOX‘s formed are likely being removed by bacteria in the 
aqueous phase of the microcosms over the latter part of the experiment when redox ranges 
between 40mV and -26mV. The second pathway involves deamination of reduced 
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transformation products (2A-DNT, 4A-DNT etc.) forming NH4
+
 [10,15] towards the end of the 
experiment, as illustrated in the PCA plot.  
 
Figure 5 : Principle component analysis of a) TNT microcosm –  Circled box shows correlation 
of 
15
NH4
+
 production and reduced iron and sulfur species in sediment; PC1 and PC2 represent 
54% and 17% variability respectively b) RDX microcosm – PC1 and PC2 have 52% and 20% 
variability respectively. 
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The PCA plot also suggests ammonia formation may be associated with iron and sulfate reducing 
bacteria [15] in sediment, as 
15
NH4
+
, bulk 
15
N in sediment and reduced forms of iron and sulfur 
(Fe
+2
, H2S) are correlated in the PCA plot (Figure 5-A – circled region). Microbially mediated 
degradation of TNT by iron reducers has been previously documented [4]. Continuous 
production of Fe
2+ 
from the interaction of Shewanella putrefaciens and iron bearing soil minerals 
was identified as the key factor to enhanced degradation of TNT via electron transfer [32]. This 
is further confirmed in our study as demonstrated by the linear relationship between dissolved 
15
NH4
+
 and Fe
2+
 concentrations (R
2
=0.4) and continuous production of Fe
2+
 throughout the TNT 
experiment. Moreover, Shewanella putrefaciens has shown enhanced growth by elemental sulfur 
reduction to hydrogen sulfide (H2S) [33] which was observed towards the end of the experiment 
in this study. It can also indirectly affect TNT biodegradation via Fe
2+
 production. Sulfate 
reducing bacteria (SRB) (Clostridium, Desulfovibrio) plays an important role in anaerobic 
marine environments in converting sulfates to H2S by sulfate reductase. These organisms use the 
nitro groups present in the TNT molecule as either an electron acceptor or a nitrogen source [15]. 
H2S production observed towards the end of the experiment suggests that degradation of TNT is 
facilitated by SRB in this study. 
NH4
+
 concentrations were steady towards the end of the experiment and no further N2 production 
from either NOX or NH4
+
 was observed over 16 days. It strongly reveals that NH4
+
 serves as a 
terminal mineralization product of TNT in DIN pools under anaerobic conditions. However, 
modest production of N2 has been reported in an aerated water column of mesocosm studies [10]. 
Mineralization tracking as described in this study is limited to the ring attached functional groups 
as the TNT ring contains no N; but it is supported with the idea of ring stability with an aromatic 
π system described in Hawari et al. [17]. Further, the limited number of previous studies that 
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describe ring breakdown of TNT to CO2 confirms that ring carbon mineralization accounts for a 
lower percentage of TNT metabolic fate [8,9]. Based on recent studies, environmental factors 
such as matrix effects, solution chemistry, sediment texture and chemistry etc. also control, and 
likely enhance the decomposition of TNT [34,35]. Lower remineralization in the system supports 
the incorporation of nitrogen from energetics as an organic nitrogen source rather than 
catabolization in bacteria. Total carbon demand of the system may have affected the 
remineralization of microbially incorporated carbon or nitrogen from the energetics. Bacterial 
incorporation of carbon and nitrogen from TNT is higher than that of RDX based on the 
incorporation rates published in Montgomery et al. [9] and consistent with previously published 
data [8,9]. The unidentified TNT-N pool at the last day of the experiment (85% of spiked TNT) 
could be fully explained by microbial incorporation based on the calculations above. 
Here, we provide evidence that TNT is likely removed from the dissolved phase primarily 
through partitioning onto sediment and biotransformation at relatively equal amounts rather than 
undergoing abiotic mineralization in anaerobic sediment systems. This is supported by the 
modest yield of mineralization products in terms of DIN. However, from a mass balancing point 
of view, there is still a significant portion of TNT which has not been traced that remains in the 
dissolved phase as a transformation product of TNT. Further research needs to be done to obtain 
full mass balances of the system by widening the analytical window to quantify additional 
transformation products and bulk 
15
N in water, as well as to include measurements of additional 
pools such as non-particle associated microbes. Increases in the unaccounted for portion of 
spiked TNT (Figure 4) over the duration of the experiment suggests that unidentified (as yet 
unknown) or unmeasured (eg: DANTs, TAT) transformation products are accumulating with 
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time, as has been suggested [25]. Further research is necessary to confirm the identity of these 
potentially toxic products. 
3.5.2 Fate of RDX in anaerobic sediments 
RDX is removed from the dissolved phase following first order kinetics though removal is not as 
rapid as for TNT. Removal rate constants of RDX from the aqueous phase increases by up to 
19% in the presence of anaerobic microbes in biotic system compared to the abiotic systems with 
different environmental conditions including freshwater, marine organic carbon rich and poor 
sediments described in Ariyarathna et al. [6]. Abiotic transformation and sorption of RDX could 
account for 5% and 14% of total spiked RDX respectively [6] while biotic transformation of 
RDX up to 9-10% in terms of measured transformation products confirming the significance of 
biotransformation. RDX (9.4%) biodegrades to TNX by sequential reduction through the nitroso-
derivatives MNX and DNX, while keeping the nitroamine ring intact [12]. TNX is found to be 
relatively stable [36] in both dissolved and sorbed phases over 16 days. RDX sorbs onto the 
sediment reversibly through electrostatic forces [6] and is subsequently removed from sediment 
following first order kinetics via three possible mechanisms: abiotic transformation by mineral-
bound ferrous [37], enhanced biotransformation by microbes attached to the sediment particles 
and organic matter [38] and desorption [39]. TNX accounts for the majority of identified 
degradation products in sediment due to its relative stability [36]. However, 26-70% of bulk 
15
N 
in sediment was still unidentified showing an ascending trend with time similarly to TNT. This 
may be due to microbial assimilation and unquantified derivatives. Interestingly, unlike TNT, 
elevated bulk
 15
N values of sediment in RDX treatments did not stay constant, rather, slowly 
decreased with a first order decay constant via either desorption of RDX, other unquantified 
derivatives initially sorbed onto the sediment (eg: hydrazine) [16], or mineralization to water 
57 
 
soluble products [12]. However, unlike TNT, the sediment was not an ultimate sink for RDX and 
its derivatives since the sediment contained less RDX derived 
15
N over the experiment and 
decreased with time.  
Both dissolved RDX [12] and nitroso-derivatives (MNX and DNX) [11] were mineralized (13%) 
by anaerobic microbes forming N2 in addition to other DIN species and ultimately in the nitrogen 
cycle as the best case scenario of removal of RDX and derivatives from marine ecosystems. 
Similarly as TNT systems, PCA gives robust interpretations for identifying pathways of 
anaerobic mineralization of RDX (Figure 5B). PC1 reflects the duration of the experiment, with 
fresh RDX in both dissolved and sorbed phases plotting in the far right quadrant, and continual 
production of NH4
+
 approaching steady state as a mineralization product in the far left quadrant. 
Two distinct shaded regions, 1 and 2 in the PCA plot of RDX systems suggest two possible 
pathways of anaerobic mineralization of RDX including production of NH4
+
 (region 1) and N2 
(region 2) in marine sediments and the proposed mechanisms are illustrated in figure 6. NH4
+ 
production approached steady state by end of the experiment confirming NH4
+
 as one of the final 
mineralization products of RDX that resulted from mono-denitration of RDX leading to the 
predominant formation of methylenedinitramine (MEDINA) which is unstable in water and 
decomposes to NH4
+
 and formaldehyde in anaerobic conditions [12]. Moreover, NH4
+
 
production, reduced sulfur and iron species were clustered together in the PCA plot inferring the 
involvement of iron and sulfate reducers in the sediment on NH4
+
 production from RDX in 
agreement with previously published work [4,40]. The second mineralization pathway includes 
steady state production of N2 via denitration of RDX and/or nitroso derivatives followed by 
denitrification of resulted NOX [11], which act as intermediates in the process. 
58 
 
Figure 6: Proposed RDX anaerobic mineralization pathway. Modified from Smith et al, 2015 and 
Halasz and Hawari (2011). 
 
The maximum measured NOX production is 2% in our anaerobic slurries whereas [41] has 
reported the nitrite production and isotopic fractionation in both anaerobic and aerobic systems, 
giving a nitrite yield up to around 16% in the apparent absence of coexisting nitrite reduction. 
NH4
+
 production out-competes N2 formation since almost 40% of detected mineralization 
products were accounted by NH4
+
 at the end of the experiment in this study. Missing 
15
N in the 
system also showed a strong linear correlation (R
2
= 0.83) with NH4
+ 
production suggesting the 
majority of missing 
15
N is related to unquantified mineralization products resulting from the 
pathway of NH4
+
 formation, as was seen for TNT. It has been documented that nitrogen dioxide 
(N2O), though not quantified in this study, can also be formed via both pathways of 
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mineralization discussed in this study which include breakdown of MEDINA [12] and 
denitrification of NOX [11]. Therefore, further research is recommended for improved mass 
balancing of the system that includes tracing N2O production.                                              
Finally, unlike TNT, mineralization was more prominent in the RDX system because of its 
structural properties and the prevailing anaerobic conditions in these sediment systems. Lack of 
aromatic stability, weaker (<2 kcal/mol), inner C-N bonds [17], lower sorption of RDX onto 
sediment (which results in lower shielding of RDX from decomposition) [35] facilitate higher 
mineralization rates of RDX in marine sediments compared to TNT. Unidentified pools of N-
RDX in nitro groups at the end of the experiment (69% of spiked RDX) may include 
unquantified mineralization products and bacterial incorporated nitrogen which accounts for 
0.1% to 34% of the unknown pool (from 0.75hr to end of the experiment) based on the published 
bacterial incorporation rates in marine sediments [9].                                                                     
It is clear that marine sediment plays an important role in mineralization providing favorable 
anaerobic conditions, iron bearing minerals and natural microbial assemblages that enhance 
transformation of RDX. Overall mineralization in terms of measured nitrogen containing 
mineralization products (NH4
+
 and N2) dominates sorption and biodegradation of RDX as the 
most significant removal mechanism from marine ecosystems.                                                    
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3.8 Supplemental data                                                                                                     
Supplementary data associated with this article are shown in Table S1, Table S2, Figure S1. 
Table S1: Concentrations of TNT and RDX removed by biotic component in microcosms.  
Time (hr) Biotically removed  TNT (µM) Biotically removed  RDX 
(µM) 
0.45 2.7 - 
0.75 - 1.0 
2.5 1.3 1.6 
48 3.7 - 
72 - 2.7 
244 4.2 4.0 
388 4.2 4.8 
It was calculated by subtracting abiotic aquatic concentrations (Ariyarathna et al., 
2015) from   aquatic concentrations in biotic treatment in current study. 
 
Table S2: Munition profile comparison of a) TNT b) RDX microcosms.  
a) 
Treatment Time (hr) Dissolved  (µM) Sediment (ng/g sed) 
  TNT 4A-DNT 2A-DNT TNT 4A-DNT 2A-DNT 
Biotic 0.45 8.7 0.25 0.23 14 10 7.9 
 2.5 2.6 0.81 0.68 12 12 12 
 48 2.0 0.11 0.15 5.6 1.3 3.7 
 244 0.035 0.02 0.013 2.4 0.9 2.8 
 388 0.028 0.01 0.0035 1.9 BD BD 
Abiotic 0.75 7.0 0.46 0.012 - - - 
 2 5.6 0.42 0.052 - - - 
 48 4.8 0.4 0.041 - - - 
 122 4.3 0.39  - - - 
 150 4.2 0.36  1067 BD BD 
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b) 
Treatment Time 
(hr) 
Dissolved  (µM) Sediment (ng/g sed) 
  RDX MNX DNX TNX RDX MNX DNX TNX 
Biotic 0.75 6.0 BD BD 1.0 267 BD 6.6 29 
 2.5 4.7 BD BD 1.1 198 BD 6.2 28 
 72 3.4 BD BD 1.0 36 BD 6.1 30 
 244 1.8 BD BD 1.1 11 BD 5.3 21 
 388 0.89 BD BD 2.0 7 BD 5.3 21 
Abiotic 0.75 7.0 3.4 BD 4.0 - - - - 
 2 5.7 3.1 3.2 3.6 - - - - 
 48 6.1 3.0 BD 3.6 - - - - 
 122 5.7 BD BD 3.6 - - - - 
 150 5.6 BD BD 3.8 794 104 101 BD 
Data related to the abiotic treatment was taken from Ariyarathna et al., 2015; BD = below 
detection  
 
Table S3: Chemical and textural properties of marine sediment used for both TNT and RDX 
systems in this study (n=3) 
Property Value 
Particle size 
distribution data 
 
Sand (%) 44 
Silt & clay (%) 56 
Statistical parameters  
1.Graphic mean (mm) 0.16 
2.Median (mm) 0.11 
3.IGSD  (mm) 0.16 
Physical properties 
 
Chemical properties 
Bulk density(gcm
-3
) 1.4 
Porosity (%) 45.6 
TOC (mgg
-1
sed) 4.10 ± 0.69 
TN (mgg
-1
sed) 0.62 ± 0.25  
S (mgg
-1
sed) 3.7 ± 0.3 
IGSD = Inclusive Graphic Standard Deviation; TOC = Total Organic Carbon  
TN = Total Nitrogen; S = Elemental Sulfur 
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Table S4: Time series bulk δ15N values in sediment in TNT and RDX microcosms 
Time (hr) Bulk δ15N (‰) 
 TNT 
microcosm 
RDX 
microcosm 
0 6 9 
0.45 122 - 
0.75 - 31 
2.5 148 34 
48 165 - 
72 - 47 
244 170 29 
388 171 30 
 
Table S5: Bacterial incorporation of 
15
N from TNT and RDX in microcosms  
Time (hr) Incorporated µmols Incorporated % 
 TNT RDX TNT RDX 
0.45 0.002 - 0.5 - 
0.75 - 0.0003 - 0.1 
2.5 0.01 0.001 2 0.3 
48 0.2 - 26 - 
72 - 0.03 - 8 
244 1 0.1 100 23 
388 2 0.2 100 34 
Bacterial incorporated quantity is in µmols TNT and µmols RDX; Incorporated % represents 
percentage of bacterial incorporation of unidentified pool in TNT and RDX microcosms; 
Bacterial incorporation rates in marine sediments from Montgomery et al., 2013 was used for the 
calculations. 
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Figure S-1: Ghant diagrams for timeline of events a) TNT microcosms b) RDX microcosms 
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4.0 Tracing the cycling and fate of the explosive, Hexahydro-1,3,5-trinitro-1,3,5-trazine in a 
simulated sandy coastal marine habitat with a stable isotopic tracer, 
15
N-[RDX] 
4.1 Abstract 
Coastal marine habitats are contaminated with the explosive, Hexahydro-1,3,5-trinitro-1,3,5-
trazine (RDX) via military training and weapon testing and through leakage of unexploded 
ordnances. RDX has severe neurotoxic effects to aquatic organisms, and it is considered a human 
carcinogen. RDX is relatively stable in surface water and undergoes biotic uptake as a nitrogen 
source, possible entering into the food chains of coastal habitats. This study utilized 
15
N labelled 
RDX in mesocosm to track removal pathways from surface water including sorption onto 
particulates, degradation and mineralization leading to dissolved inorganic nitrogen. The 
simulated marine mesocosm was continuously loaded with RDX to maintain a steady state 
concentration (0.4 mgL
-1
) over 21 days.  Time series concentrations of dissolved RDX and 
derivatives in surface water and porewater, RDX and derivatives sorbed onto sediment and 
suspended particulates, and dissolved mineralization products (ammonium, nitrates, nitrites and 
(N2 +N2O) gases) along with geochemical variables in the mesocosm were analyzed. Tri-nitroso 
triazine (TNX) was identified as a stable product in the water column. RDX diffused into the 
surface sediment where under hypoxic conditions it biodegraded forming nitroso-triazines. TNX 
was irreversibly, sorbed onto the surface sediment while vertical diffusion of RDX and nitroso 
derivatives in sediment was minimal. Total degradation of RDX in terms of measured nitroso-
triazines was 6%-13%. Although, RDX derived 
15
N rapidly partitioned onto suspended 
particulate matter (SPM) irreversibly, under oxygenated conditions, it was not quantitatively 
vital as a removal mechanism of RDX from surface water. Partitioning of RDX derived 
breakdown products onto surface sediment made a significant contribution (11%) to the total 
mass balance of the system. RDX was favorably mineralized (40%) with a continual increase in 
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inorganic nitrogen production in the system and gaseous mineralization products (N2 and N2O) 
accounted for the majority of it (30%). Production of inorganic nitrogen varied in terms of types 
of products and qualitative production in well aerated surface water and hypoxic sediment 
(porewater). Nitrates and nitrites (NOX) prevailed in surface water (9%) while ammonium was 
formed (6%) in both surface water and sediment via different mechanisms with higher 
production in sediment. Thus, hypoxic sediment was the most favorable zone for the production 
of N2 and N2O. Principle component analysis revealed that iron reducing bacteria in sediment 
were involved may facilitate gas production. N2 and N2O diffused through porous sediment into 
the water column and then, the majority escaped to the atmosphere (28%) as the largest removal 
technique of RDX from the ecosystem.                                                                                         
4.2 Introduction                                                                                                               
Hexahydro-1,3,5-trinitro-1,3,5-trazine (RDX) has been extensively used in munitions 
compounds since World War II through processes involving production, handling, loading, 
disposal and detonation release RDX into coastal marine habitats [1]. Although, active dumping 
of unexploded ordnances in the United States was prohibited by Title I of the Marine Protection, 
Research and Sanctuaries Act in 1972, military training and weapon testing continue to release 
RDX to adjacent coastal settings [2]. Studies have reported that RDX has toxic effects on aquatic 
organisms in marine systems [3,4] and concern has further increased due to the possible 
carcinogenety of RDX in humans [4].                                                                                        
There is considerable interest in exploring the natural remediation techniques for the removal of 
RDX-contaminated marine coastal habitats [5]. The fate of RDX in coastal marine ecosystems is 
determined by physico-chemical properties of the compound (solubility, octanol-water partition 
constant, vapor pressure, Henry’s Law constant) [6] and environmental conditions (including 
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sediment properties, ionic strength, pH, redox conditions and biological factors). It has been 
identified that RDX has relatively low sorption affinity to sediment [7,8] and low 
bioconcentration potential in marine aquatic organisms [4]. The heterocyclic ring in RDX makes 
it unstable after the reduction of only one nitro group [9] and several benchtop studies have 
proven the microbial potential of biodegradation of RDX under anaerobic conditions [1,10-12]. 
In contrast, several studies have shown the persistency of RDX in well aerated aquatic systems 
[13,14] suggesting the dependence of RDX biodegradation on prevailing redox condition in the 
system. Therefore, it is vital to examine the biodegradation extent and pathways in different 
micro-environments with different redox conditions including surface water, porewater and 
sediment in the ecosystem [2]. Furthermore, studying the ultimate fate of RDX in coastal marine 
habitats by assessing the role (partitioning, biodegradation and mineralization) of different 
compartments (surface water, porewater, sediment, biota and suspended particulate matter) of the 
ecosystem is critical for the development of natural remediation techniques of RDX in coastal 
systems. Complete mineralization of RDX is an optimal scenario of removal of RDX from the 
ecosystem since dissolved inorganic mineralization products can be recycled in the system while 
gaseous products can escape to the atmosphere.                                                                      
Studies based on RDX transformation mainly focus on ground water and fresh water systems 
[1,10-12] with little data for marine ecosystems [2,15]. Existing records are also limited to 
laboratory bench top studies leaving a considerable data gap of biodegradation and 
mineralization of RDX at an ecosystem scale that represent real coastal habitats containing 
natural microbial assemblages. Using isotopically labelled RDX helps to trace the pathways of 
RDX in an ecosystem and enables a full nitrogen based, mass balance of the system to track the 
ultimate fate of RDX. 
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Here, we evaluate major pathways controlling the fate of RDX in contaminated marine 
ecosystems by introducing isotopically labelled 
15
N-[RDX] to large, aquarium-scale, laboratory-
simulated coastal marine habitats over 15 days. RDX and its transformation products including 
reduced nitroso-derivatives and mineralization products in terms of dissolved inorganic nitrogen 
in dissolved (surface water and porewater) and solid phases (suspended particulate matter, 
sediment and biota) of the ecosystem were monitored during the experiment. 
15
N enrichments of 
bulk sediment (
15
Nsed), suspended particulate matter (
15
NSPM) and biota (
15
N biota) were also 
measured in order to acquire a 
15
N mass balance of the ecosystem. Mechanistic differences in 
RDX transformation with respect to redox conditions prevail in the ecosystem and factors 
controlling the ultimate fate of RDX in coastal habitats were examined in this study. 
4.3 Methods                                                                                                                                
4.3.1 Experimental design 
Two 70L glass aquaria (experimental tanks) linked to each other via a glass aquarium reservoir 
to obtain common circulation and aeration were used as described in [4,13]. Experimental tanks 
were loaded with an 8cm deep layer of sandy, low organic carbon (OC) containing sediment (0.2 
% OC) collected from a subtidal habitat in Long Island Sound (LIS; 41
0 
19′ 13′′ N , 720 2′ 59′′ 
W). The system was maintained under flow through conditions with sea water from LIS (30 
PSU) over two weeks to achieve stabilized redox conditions in sediment and then, switched to a 
closed loop recirculation at 24 hours before the start of the experiment. Two experimental tanks 
were loaded with macroalgae, epifaunal, bivalve and fish species [4] and water recirculation was 
continued over the course of the experiment (15 days). Hexahydro-1,3,5-trinitro-1,3,5-triazine 
(RDX) labeled with 
15
N in all nitro positions was introduced to the system. The RDX was 
dissolved in acetone (0.815mL) and was initially introduced as a pulse of concentrated stock into 
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the aquarium reservoir to achieve initial target RDX concentrations of 0.4mg L
-1
 in the whole 
system. Subsequent RDX addition was done by continuous metered addition of RDX at a 
pumping rate of 0.037 mL min
-1
 throughout the experiment in order to maintain a steady state 
RDX concentration of 0.4 mg L
-1
. 
4.3.2 Sampling plan and techniques                                                                                        
Time series samples (total 10 sampling time points) of overlying water, porewater, suspended 
particulate matter (SPM) and sediment were taken from the tanks over the course of the 
experiment including two time points with triplicate samples. Sampling of biota is described in 
[4]. Overlying water was drawn using a peristaltic pump at a rate of 50 mL min
-1
 and filtered 
through precombusted 0.7 μm glass fiber filters (GF/F). Suspended particulate matter (SPM) was 
retained on the filter. Porewater was collected by using a 1/8” stainless steel tube penetrated 
through the sediment layer, attached to a peristaltic pump at a slow pumping rate of 2.5 mL min
-1
 
and filtered through polyethersulfone - 0.2µM (0.2 µM PES) syringe tip filters. Sediment cores 
with a diameter of 2.6 cm were obtained and subsectioned at 2cm intervals prior to the analysis. 
4.3.3 System characterization                                                                                             
Physical parameters of the systems including temperature and salinity were measured using a 
YSI probe (YSI 556 MPS) over the course of the experiment. Both overlying water and 
porewaters were analyzed for ammonium, and total nitrate and nitrite using a Smartchem nutrient 
analyzer (Westco-W12623) following phenol hypochlorite and cadmium azo-dye methods [16], 
respectively. 40 mL overlying water and porewater samples were analyzed for dissolved organic 
carbon (DOC) using a total organic carbon (TOC) analyzer (Shimadzu TNM-1). Dissolved 
ferrous and sulfide were measured on 3 mL of filtered (0.2 µM PES) porewater using ferrozine 
[17] and methylene blue methods respectively [18]. Samples were reacted with reagents 
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immediately upon collection to avoid exposure to atmospheric oxygen.  The redox potential of 
sediment was measured using a platinum electrode (Paleo Terra, Amsterdam) relative to an 
Ag/AgCl reference electrode (Fisher Scientific). Sediment was characterized for TOC, total 
nitrogen (TN) and total elemental sulfur (S) using a Perkin Elmer elemental analyzer (NA 1500) 
[19]. Sediment texture was determined using a mechanical sieve analyzer with a set of sieves 
from 0.063 mm to 2.0 mm. 
4.3.4 Dissolved explosive analysis                                                                                            
RDX and its reduced degradation products, including, Hexahyro-1-nitroso-3,5-dinitro-1,3,5-
triazine (MNX), Hexahyro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX), and Hexahyro-1,3,5-
trinitroso-1,3,5-nitro-1,3,5-triazine (TNX), were analyzed in both overlying water  and porewater 
samples. A modified salting-out method [20] adapted for smaller sample sizes was used for 
extraction of munition compounds from aqueous samples following methods described in [8]. 
An average recovery of 99.1 ± 0.5% was obtained for known amounts of 1, 2-dinitrobenzene 
(1,2-DNB) in water extractions. Water extracts were analyzed using gas chromatography 
(GC)/electron-capture detection (ECD) following the methods described by [8,21,22]. 3, 4-
dinitrotoluene (3,4-DNT) was added to each extract prior to injection to monitor detection 
efficiency. Explosive analysis was performed with an Agilent GC/ECD [21] equipped with an 
HP-DB5 column (30 m x 320 µm, 0.25-µm; Agilent). Quantification was based on an external 
calibration curve of available standard munitions RDX, MNX, DNX and TNX. (AccuStandard, 
New Haven, CT).  The average reporting limit for all compounds was 1.3 ngmL
-1
.
 
 
4.3.5 Sediment, particulate and bio-tissue explosive analysis 
Sediment samples were homogenized and 2g of each was extracted with 10mL of ACS-grade 
acetonitrile (ACN) following the method described by [2,8]. 3,4-dinitrotoluene (3,4-DNT; 
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Accustandard) was spiked as a recovery standard and extraction efficiencies averaged as 82%. 
Suspended particulate matter (SPM) in 0.7 μM GF/F filters was spiked with 1, 2-Dinitrobenzene 
(1, 2-DNB; Accustandard, New Haven, CT) as a recovery standard, and explosives were 
extracted by 1 h of sonication in 5 mL of acetonitrile. 3,4-Dinitrotoluene (3,4-DNT; 
Accustandard, New Haven, CT) was added prior to GC-ECD analysis to monitor detection 
efficiency and extraction efficiencies ranged from 60 to 93%. Sediment and SPM extractions 
were analyzed for explosives (RDX, MNX, DNX and TNX) using (GC)/electron-capture 
detection (ECD) as described above. Munition extraction and analysis of bio-tissue samples were 
described in [4].  
4.3.6 Bulk δ15N analysis                                                                                                           
Freeze dried sediment and SPM samples were analyzed using a continuous flow elemental 
analyzer – isotope ratio mass spectrometry (EA-IRMS: Delta V, Thermofisher) at the University 
of Connecticut for bulk 
15
N enrichments.  Nitrogen isotope ratios were reported in δ notation as 
follows: 
δ15N = [(Rsample – RSTD)/RSTD]         (1) 
where RSTD was the 
15
N/
14
N ratio of atmospheric nitrogen and Rsample is the 
15
N/
14
N ratio of the 
sample. δ15N values and N content were calibrated to USGS glutamic acid reference materials 
USGS 40 and 41 and reported in per mil (‰) notation. Excess 15N mass (mol) above pre tracer 
levels in the different media: sediment and SPM were calculated from Equations 2 and 3.  
         15
N mols Excess sed = N mols sed * (X
15
Nt sed – X
15
N t0 sed)                      (2) 
         15
N mols Excess SPM = N mols SPM * (X
15
Nt SPM – X
15
Nt0 SPM)                     (3)   
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where the total N mass, and mole fractions of 
15
N at time t (X
15
Nt sed and X
15
Nt SPM ) and time 
zero prior to  tracer introduction (X
15
Nt0 sed and X
15
Nt0 SPM) were obtained from an elemental 
analyzer – isotope ratio mass spectrometry EA-IRMS (Delta V, Thermofisher). Precision on 
replicate samples of sediment and SPM samples were 20% and 14% respectively (Percent 
coefficient of variance, CV. Excess bulk 
15
N in biota was determined using similar methods as 
described in Ballantine et al., 2016 [4].                                                                                      
4.3.7 Mineralization products                                                                                                     
The mineralization products, 
15
NH4
+
, total 
15
NO2
-
 and 
15
NO3
- 
(
15
NOX),total 
15
N2 and 
15
N2O 
(
15
Ngas) in the aqueous phase, were quantified using IRMS techniques. Filtered (0.2 µM PES), 
15
NH4
+
 enrichment was determined on NH4
+
 isolated from frozen water via alkaline acid trap 
diffusion [23,24] and extraction efficiency was between 95-105% based on the recovery of 
NH4NO3 standards and precision on replicate samples is 25%.Moles of 
15
NH4
+
 were calculated 
using NH4
+
 concentrations and mole fractions of 
15
N in NH4
+ 
(X
15
Nt NH4+ and X
15
Nt0 NH4+) 
obtained from a Smartchem nutrient analyzer and EA-IRMS respectively (equation 4). 
       15
NH4
+
 mols Excess = NH4
+
 mols * (X
15
Nt NH4+ – X
15
Nt0 NH4+)           (4) 
δ15NOX values were obtained via the denitrifier method using Pseudomonas aureofaciens [25,26] 
at the US Geological Survey (USGS) in Reston, VA on water samples filtered through a 0.2µM 
PES filters and frozen. Moles of 
15
NOX were calculated using NOX concentration and the mole 
fractions of 
15
N in NOX (X
15
Nt NOX and X
15
Nt0 NOX) obtained from a Smartchem nutrient analyzer 
and GB-IRMS respectively (equation 5). 
  15
NOX mols Excess = NOX mols * (X
15
Nt NOX - X
15
Nt0 NOX)             (5) 
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15
Ngas in water samples was determined using continuous flow isotope ratio mass spectrometry 
on a Thermo Delta V Plus with a Gas Bench interface (GB-IRMS). Gas samples were collected 
at each time point by pumping unfiltered water into 30 mL serum bottles that had previously 
been sealed, pre-loaded with 750μl of 2N KOH (for preservation), and flushed with He for 12 
minutes [27]. After at least 6 hours of headspace equilibration, the isotopic composition of N2 
(δ15N2) was measured. Dissolved ambient N2 concentrations were assumed to be in equilibrium 
with the atmosphere and were calculated as a function of temperature and salinity [28]. Because 
dissolved N2O was converted to N2 at alkaline conditions (pH 11 and 12) during storage, 
measured N2 value (
15
Ngas) corresponded to both dissolved N2 and N2O those were present in the 
water at the time of sampling. Measured 
15
N2 production was corrected (Equation S1) for the 
alkaline hydrolysis of RDX which though minor (<1.7%), may occur during prolonged storage 
of samples between pH 11 and 12 at 20
0
C [7,29,30]. Moreover, since the experiment was 
conducted as an open system, we calculated 
15
Ngas amount that had evaded to the atmosphere 
using measured dissolved 
15
Ngas
 
amounts
.  
Evasion rates (i.e. loss rates of excess 
15
N2 from the 
tanks) were calculated using the method described in [2].  
4.3.8 Data analysis 
A mass balancing approach was based on 
15
N equivalents in masses of each analyzed N-
containing parent and derivative pool and illustrated in the equation 6. 
15
N quantities derived 
from RDX, MNX, DNX and TNX were calculated by multiplying their concentrations by 3 since 
each compound has three 
15
N labelled nitrogen atoms.  
15
N-RDXsystem = 
15
N- ∑RDX surface water + 
15
N- ∑RDX porewater + 
15
N-∑RDX sediment + 
15
N-∑RDX 
biota + 
15
NSPM + 
15
N-NH4
+
dissolved + 
15
N-NOX dissolved +
 15
N-Ngas dissolved +
15
N-Ngas evaded + unidentified 
15
N-compounds in the system                                 (6)                                                                                      
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where, 
15
N-RDXsystem represents total mol of 
15
N-RDX introduced into the system and the 
remaining terms represent 
15
N measured in different RDX-derived metabolites in surface water, 
porewater, sediment, bio-tissues, mineralization products, and SPM. ∑ RDX represents RDX and 
measurable derivatives including MNX, DNX and TNX.                                                      
Principle component analysis (PCA) was carried out to evaluate the covariance of various fates 
of the 
15
N-RDX tracer and with geochemical variables. PCA was performed using all measured 
pools of 
15
N and geochemical variables as metrics for the system using ‘Excelstat’.  Metrics used 
in PCA were mean normalized, and data gaps were filled using the instrument detection limits 
for a particular analysis.                                                                                                                  
4.4 Results                                                                                                                                   
4.4.1 RDX                                                                                                                                     
The initial water column RDX concentration in the tanks was 1.9 µM (0.42 mg/L) and RDX was 
lost from the water column following first order kinetics with a decay constant of 0.025 day
-1
 (R
2
 
= 0.7). It obtained steady state concentration of 1.1 ± 0 .18 µM (0.25 ± 0.04 mg/L) by day 9 
(Figure 1, Table S1-a) although the target concentration of RDX in the tanks was 1.8 µM (0.4 
mg/L) by continuous addition of RDX. Over the 21 days, the bulk fraction of the total detectable 
cumulative RDX in the system remained in the water column in the surface water aqueous phase 
(79% - 41%) (Figure 2). RDX was not detected in the SPM particulates. RDX was detected at 
trace amounts in porewater (Table S1-b) and biota but each phase accounted for only 0.2% of the 
RDX lost [4]. RDX was not found on both shallow (0-2cm) and deep (2-4cm) sediments 
throughout the experiment.  
Figure 1: Time series water column munition concentrations; Error bars are standard deviations 
(n=3); DNX was not detected. 
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Figure 2: Fraction of cumulative 
15
N added to the system in each detected pool as a full 
15
N mass 
balance. ∑ Derivatives water column = [MNX + TNX]; ∑ RDX porewater = [RDX + MNX + 
DNX + TNX]; 
15
N biota, 
15
N POM, 
15
N sed = Total 
15
N from bulk analysis in bio tissue, 
particulate organic matter and sediment (0-2cm + 2-4cm depths) respectively. 
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4.4.2 Derivatives 
Reduced nitroso-derivatives of RDX including MNX, DNX and TNX were detected in both 
dissolved and particulate pools in the ecosystem. The ratio of water column TNX (0.12 - 0.19 
µM) and MNX (0.04 – 0.07 µM) concentrations varied in the range of 2.4 – 3.0 until day 14  
when TNX concentrations decreased to 0.07 µM while MNX was no longer detected in the water 
column (Table S1-a). DNX was also not identified in the water column and the total detected 
nitroso-derivatives as a percentage of total cumulative RDX increased from 7 % to 10% until day 
9 and then, decreased to 2% and remained constant (Table S1-a, Figure 2). All the three nitroso-
derivatives (MNX, DNX and TNX) were identified in porewater in trace concentrations, in the 
range of 0.001 - 0.022 µM (0.01% – 0.22 %) (Table S1-b, Figure 2). Average ratios of RDX to 
total derivatives in the water column and porewater were 10 and 0. 6 respectively during the 
experimental time period. Thus, the fraction of nitroso-derivatives relative to cumulative RDX 
input, partitioned onto sediment and bio tissue in the ecosystem is fairly low; 0.6% - 4.2% (Table 
S1-c; [4]). RDX and derivatives extracted from SPM was consistently below detection limits in 
the system. TNX was the only detected nitroso-derivative in shallow sediment varied in the 
range of 0.03% and 4.09% (Table S1-c) and none of the nitroso-derivative was identified in deep 
sediment. The percentage of total nitroso-derivatives found in bio-tissue samples was also small, 
dropping from 0.6% to 0.1% of total input of RDX during the experiment [4]. 
4.4.3 Mineralization products 
 
15
N isotopic enrichment was observed in all dissolved inorganic nitrogen (DIN) pools, including 
15
NO2
-
 + 
15
NO3
- 
(
15
NOx), 
15
NH4
+
, 
15
N2 (Table 1). Maximum δ
15N values for each were δ15NH4
+
 
=1400‰, δ15NOx =2200‰ were higher than δ
15
N2 (31‰) in the water column while. The δ
15
N2 
in porewater yielded higher values (22 - 130‰) than those values observed in the water column 
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towards the end of the experiment (Table 1). Calculated 
15
N excess (µmol) increased in all 
mineralization products whereby excess 
15
NH4
+
< 
15
NOx < 
15
Ngas (N2 and N2O) (Table 1; Table 
S2). The percent of 
15
N in mineralization products (
15
NH4
+
, 
15
NOx, 
15
N2 and 
15
N2O) in both the 
water column and porewater, and gas
 
lost via evasion to atmosphere) relative to cumulative RDX 
input increased steadily over the duration of the experiment (Table 1). 
 15
NH4
+
 production in 
porewater (0.03-5.3%) was higher than in the water column (0.06-0.7%). Evidence of net 
15
NOx 
production was not observed in porewater though it was detected in the water column with an 
increasing trend (0.90 - 7.2%) over the duration of the experiment (Table S2). The majority of 
15
Ngas (
15
N2 and 
15
N2O) production in the ecosystem was evaded to the atmosphere (90% of total 
15
Ngas production), based on gas transfer calculations over the course of the experiment (Table 
S2).  
Table 1: Inorganic nitrogen production from RDX as δ15N, µmol 15N excess and % values.  
 
% DIN of spiked (detectable) 
15
N-[RDX] is calculated using µmols of spiked 
15
N-[RDX], and 
sum of 
15
N excess of NH4
+
 + NOx  + N2 gas in water column, 
15
N excess of NH4
+
 + N2 gas in 
porewater and evaded 
15
N gas excess in µmols. 
Time, 
days 
δ15N water column δ15N porewater 15N excess water 
column, µmol 
15
N excess 
porewater, 
µmol 
Evaded 
15
N2 
excess, 
µmol 
Spiked 
15
N-
[RDX], 
µmol 
% 
Inorganic 
nitrogen 
 NH4
+
 NOX N2 NH4
+
 N2 NH4
+
 NOX N2 NH4
+
 N2 
0 280 140 0 3.1 0 0 0 0 0 0 0 0 0 
1 230 2200 26 6.8 26 0.85 5.5 6.8 0.17 1.6 4.2 590 3.2 
2 130 1600 2.4 27 2.4 0.69 5.3 0.61 0.43 0.14 6.4 590 2.3 
5 480 1760 12 13 12 2.6 11 3.2 0.3 0.75 22 600 6.6 
7 400 2000 15 33 100 1.6 17 3.7 1.2 6.2 40 610 11 
9 720 2200 31 60 130 1.5 24 7.5 2.4 8.1 70 610 19 
12 770 2000 22 760 22 2.3 37 5.1 33 1.3 110 620 30 
14 920 1800 27 1100 74 1.8 44 6.3 11 4.5 130 630 31 
16 1400 2000 5 79 110 4.5 44 1.1 4.3 6.7 140 640 31 
19 990 1600 15 150 110 0.45 44 3.3 3.7 6.9 160 650 34 
21 120 1700 30 680 88 0.42 47 6.4 17 5.3 180 650 39 
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4.4.4 Particulates and biological tissue 
Significant isotopic enrichment was observed in throughout the duration of the experiment 
(Table S3). δ15NSPM values increased from 3.5‰, before the initial RDX spike to a range of 360 
– 2200 ‰ during the experiment (average = 1100 ± 600 ‰), with no discernible trends in the 
data. Normalized bulk 
15
N values in SPM rapidly increased to a value of 140 nmol/g SPM 
followed by a small decrease and almost remained constant throughout the experiment (average 
= 82 ± 32) (Table S3) . δ15N of shallow surface sediments (0-2cm) increased from a pre-spike 
value of 72 ‰ to a range of 87 – 530 ‰, with the highest value occurring at day 16. δ15N of 
deeper sediments (2-4cm) also increased from a pre-spike value of 33 ‰ to a range of 39 – 100 
‰. Normalized bulk 15N values in shallow sediments (0-2cm) were higher (averaged 4 times) 
than that of in deeper sediments (2-4cm). Total sediment
 15
N values including shallow and deep 
sediments increased and stayed constant in the range of 9.0 ±0.61 nmol 
15
N/g sed for the rest of 
the experimental duration (Table S3). δ15N values of bio-tissue samples were highly variable 
with time and space and ranged in between 14 ‰ and 277 ‰ [4].                                             
4.4.5 Geochemical conditions of the experiment                                                            
Porewater NH4
+
 concentrations (130-780 µM) were 6 - 85 times higher than in the water column 
(4.3-40 µM) while NOX concentrations were 16-470 times higher in the water column (6.8-110 
µM) than in porewater (0.16-0.42 µM) of the ecosystem. Total dissolved nitrogen concentrations 
(NH4
+
 + NOx + DON) in porewater (90-1000 µM) were 2-25 higher than water column values 
(28-140µM) in the ecosystem, although water column concentrations increased with the time 
(Table S4). The redox potential of surface water was 63 mV and sediment depth profiles were 
significantly varied between sampling sites in the ecosystem, indicating significant spatial and 
temporal heterogeneity (Table S5). Porewater pH varied over time among sampling sites, 
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ranging from 7.5 to 8.2 and spatial heterogeneity (CV of 4%) in the system was comparable to 
the temporal variation (CV of 2%). Fe
+2
 concentrations in porewater from deeper (2-4cm) 
sediments were higher than shallow and shallow (0-2cm) sediments. Though the Fe
2+
 
concentrations increased over the duration of the experiment, there was no discernable pattern 
with time. Reduced sulfur (H2S) was not detected in either shallow or deeper levels of sediment 
in the ecosystem.                                                                                                                            
4.5 Discussion                                                                                                                            
4.5.1 Mass balance                                                                                                                      
The use of 
15
N enabled a much more complete assessment of the fate and transport of RDX 
relative to analysis using isotopically unlabeled RDX. The total 
15
N added during the entire 
experiment amounted to 652 µmol. Of this 78% - 99% was accounted for and the distribution of 
tracer 
15
N among all measured pools, from largest to smallest, at the end was:  
RDX in water column > N gases (surface water + porewater + evasion) > shallow sediment (0-
2cm) > NOx > biota > NH4
+ 
> 
15
N as ∑ derivatives in water column > deep sediment (2-4cm) > 
∑ derivatives in porewater > RDX in porewater > water column POM  
Here, ∑derivatives is the sum of MNX, DNX and TNX. In this study, we discuss new insights 
gained into fate of RDX including transformation, mineralization and partitioning processes in 
the marine environment through the observed distribution of 
15
N. 
4.5.2 Transformation 
The RDX half-life in the water column of 28 days was comparatively shorter than previous 
studies of fresh water and terrestrial systems demonstrating longer half-lives of days [13,31,32]. 
Mono and tri-nitroso-triazines (MNX and TNX) were observed in oxygenated surface water and 
probably RDX had degraded at the sediment surface and derivatives had been released into the 
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surface water because aerobic degradation of RDX is relatively uncommon in the environment 
[14]. MNX formation is an important part of RDX reduction [33] and MNX can be further 
reduced to produce nitroso-triazines (DNX and TNX), denitrate or denitrosate forming ring 
cleavage products under aerobic conditions [34]. TNX can be removed from the well-aerated 
water column via further degradation to ring cleavage products, but here we identified TNX as a 
relatively stable product in the aerobic water column probably because other competitive 
degradation processes outcompeted TNX degradation in the ecosystem. RDX diffused into the 
surface sediment where hypoxic conditions prevailed and biodegraded forming nitroso- triazines, 
MNX, DNX and TNX [10] at higher rates than it did in water column [13].                             
4.5.3 Partitioning                                                                                                                       
RDX and RDX-derived metabolite partitioning into the particulate pools (sediment, POM and 
biota) has been measured in marine ecosystems as seen in sediment slurries [8,10], groundwater 
systems [35] and terrestrial ecosystems [36]. Due to the relatively low hydrophobicity in terms of 
log Kow and structure of RDX and its derivatives [8], passive partitioning especially, onto the 
sediment and SPM did not constitute a major pathway in the fate of RDX. And our results were 
consistent with these results as evidenced by low 
15
N percent of RDX loss on SPM. Bulk 
15
N 
derived from RDX rapidly sorbed onto SPM in the water column and sorption was irreversible 
under aerobic conditions illustrating constant concentrations in SPM during the experiment. Bulk 
15
N in SPM was likely due to unmeasured derivatives such as 4-nitro-2,4-diazabutanal (NDAB) 
that can be formed in oxygenated environments or sorption of liberated 
15
NH4
+
 to particles. 
[34,37]. However, bulk 
15
N derived from RDX sorbed onto the surface sediment was increasing 
steadily until day 14 where it reached steady state. Considerably, lower bulk sediment 
15
N values 
in deeper sediment confirmed the low vertical diffusion of RDX and its derivatives in sediment. 
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Marine microbial assemblages (Shewanella halifaxensis,Clostridium sp.) provided significant 
contribution for degradation of RDX under oxygen limited conditions [34] resulting primarily 
TNX, since TNX was the only identifiable 
15
N containing compound in sediment. Unidentified 
15
N in sediment might reside in non-measured derivatives such as Medina [34,37] or as 
microbially incorporated 
15
N.                                                                                                      
4.5.4 Mineralization                                                                                                   
Mineralization of RDX in terms of inorganic nitrogen production (
15
NOX, 
15
NH4
+
, 
15
N2 and 
15
N2O gases) played an important role in the fate of RDX in marine ecosystems and the 
movement of the tracer from RDX to the mineralization pools confirms the capability of marine 
microbial assemblages to decompose RDX [2,34,38]. Among the other inorganic nitrogen 
products, gaseous mineralization products (
15
N2 and 
15
N2O) formation was favored by the 
available microbes and prevailing environmental conditions in the system [2,33]. Mineralization 
pathways showed significant differences depending on the prevailing redox conditions in sub-
environments such as sediment and surface water of the ecosystem. Moreover, production of 
nitrogen containing mineralization products varied in terms of types of products formed and 
quantitative production in well aerated surface water and hypoxic sediment (porewater).          
Di-denitration of RDX followed by hydroxylation, and mono-denitration of MNX followed by 
denitrosation resulted NDAB yielding 
15
NOX from both pathways in aerobic conditions [34]. 
NDAB was more stable in water under ambient conditions and to a lower extent, it could be 
degraded with marine microbes (eg: Methylobacterium and Chrysosporium) [34] leading to the 
production of 
15
N2O and 
15
NH4
+
 in the water column. In hypoxic conditions, mono-denitration of 
RDX followed by hydroxylation forms Methylenedinitramine (Medina) which was very unstable 
and had the potential to degrade to N2O [34]. Medina formation has been identified as a common 
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NH4
+
 releasing process under low oxygen conditions [34], consistent with the elevated 
15
NH4
+ 
in 
surface sediment porewaters here. Besides the decomposition of Medina, mono or poly-
denitration of RDX and nitroso triazines including MNX, DNX and TNX was also involved in 
the formation of 
15
N2O by denitrification of cleaved 
15
NOX found in the sediment (porewater). 
Moreover, 
15
N2O could be further denitrified to form 
15
N2 in sediment [2]. The above processes 
indicated that gaseous mineralization product formation (
15
N2O and 
15
N2) was significant in 
hypoxic environments and diffused to the overlying water. Finally, they escaped to the 
atmosphere [2] as an efficient removal mechanism of RDX from coastal marine ecosystems. 
4.5.5 Fate of RDX in marine ecosystem                                                                          
Tracing the fate of RDX with 
15
N provided a descriptive picture of partitioning, degradation and 
mineralization of RDX in coastal marine ecosystems. Although RDX was known to be a fairly 
stable compound in surface water or in low organic carbon groundwater, here, we illustrated the 
fate of RDX in a multi-compartment marine ecosystem (surface water, porewater, sediment, 
biota). From a mass balancing perspective, partitioning of RDX and identified RDX-derived 
compounds onto solid phases of the ecosystem was not a dominant process due to relatively low 
sorption properties of the compounds. Active and passive partitioning of RDX and RDX derived 
compounds onto biota was a rapid process (Figure 2) although it contributed less than 10% to the 
total mass balance [4].                                                                                                               
Degradation and mineralization of RDX were favored by lower redox potential (iron reducing 
condition) and available microbial assemblage in surface sediment of the ecosystem. However, 
aerobic degradation of RDX forming nitroso-triazines and mineralization forming 
15
NOX also 
provided considerable contribution to the 
15
N mass balance. Though ammonia was produced as 
one of the mineralization products under both aerobic and hypoxic conditions, it was not 
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cumulative and the pool was insignificant for the overall mass balance. Continual production of 
nitrogen containing gaseous mineralization products became the ultimate fate of RDX in coastal 
marine ecosystems. Surface sediment acted as the main mineralization zone for production of 
15
N2 and 
15
N2O gases in the presence of marine microbial assemblages [2]. PCA analysis 
provided the evidence for potential involvement of iron reducing bacteria in sediment on gas 
production [39] since 
15
N-(N2+N2O) and reduced iron species in porewaters of surface sediment 
were clustered together in the PCA plot (Figure 3) 
15
N2 and 
15
N2O gases produced in surface 
sediment diffused into the surface water column and ultimately escaped to the atmosphere [2]. 
Moreover, surface water 
15
NOX was also clustered with Fe
2+
 and 
15
N-(N2+N2O) inferring some 
contribution of 
15
NOX liberated from denitriration to the production of 
15
N gases in the in this 
anaerobic environment. Further, rates of 
15
NOx production in surface water and conversion to 
gases may also be similar since we observed constant concentration of 
15
NOx towards the end of 
the experiment. And by day 21, estimates of the net gas flux were sufficient to close the RDX 
mass balance completely. Although, the mineralization of RDX into nitrogen containing gaseous 
products, were confirmed in this study, it is worthwhile to track concentrations of 
15
N2 and 
15
N2O 
separately in future work to improve degradation rate estimates and pathways. Here, we 
concluded that over 21 days in an open system, 28% of nitrogen derived from RDX was 
efficiently removed from contaminated coastal marine habitat via the production of gaseous 
mineralization products which escaped to the atmosphere. The half-life for 
15
N retained in the 
system as both dissolved and partitioned, RDX and derivatives after the evasion was 59 days. 
Therefore, 
15
N derived from RDX is retained in the ecosystem longer than RDX by a factor of 
2.1; 28 days vs 59 days. 
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 4.8 Supplemental data 
Corrected mols gas  =  Measured mols gas   - Calculated mols A.H.- RDX                   (1) 
where mols gas and mols A.H.- RDX represent mols of N2 and N2O gases and mols of RDX 
hydrolyzed under alkaline condition respectively.  
Alkaline hydrolysis of RDX is consistent with a second-order rate law (Karakaya et al., 2005), 
thus, the amount of dissolved RDX hydrolyzed (mols A.H.- RDX) is quantified using equation 6.  
 1/ [RDX] t = 1/[RDX] t0 + k2t                                       (2) 
where [RDX] t  and [RDX] t0 represent RDX concentrations at time t and initial RDX 
concentration. k2 is second order rate constant (obtained from Karakaya et al., 2005 as 0.15 M
-
1
min
-1
) and t represents time. 
The percent of alkaline hydrolysis of RDX was between 0.5% -1.7% during the experiment. But, 
RDX- derivatives including MNX, DNX and TNX may undergo alkaline hydrolysis 
insignificantly (< %) but, no published literature is found for correction purposes.    
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Table S1: Variation of RDX and nitroso-derivatives in terms of concentration and percentage of 
cumulatively added RDX into the system; bd = below detection 
a) Water column 
Time, days RDX MNX        TNX Total derivatives 
 µM % µM µM µM % 
1 1.9 79 0.051 0.12 0.17 7.3 
2 1.8 76 0.044 0.12 0.16 6.7 
5 1.9 75 0.041 0.12 0.16 6.5 
7 1.5 60 0.065 0.18 0.24 9.6 
9 1.0 39 0.071 0.19 0.26 9.9 
12 1.2 44 0.067 0.19 0.26 9.3 
14 0.91 32 0.067 0.18 0.25 8.7 
16 0.86 29 bd 0.067 0.067 2.2 
19 1.3 42 bd 0.075 0.075 2.4 
21 1.3 41 bd 0.075 0.075 2.4 
 
 
b) Porewater 
Time, days RDX MNX DNX TNX Total derivatives 
 µM % µM µM µM µM % 
1 0.0030 0.03 0.0014 bd bd 0.0014 0.014 
2 0.0042 0.04 0.0052 0.011 0.0059 0.023 0.220 
5 bd bd bd bd bd bd bd 
7 bd bd bd bd bd bd bd 
9 0.0028 0.03 0.0023 0.0072 0.0042 0.014 0.130 
12 bd bd 0.0038 0.0097 bd 0.014 0.13 
14 bd bd 0.0053 0.012 bd 0.018 0.16 
16 0.0020 0.02 bd 0.0051 bd 0.0051 0.046 
19 0.0046 0.04 0.0032 0.0096 bd 0.013 0.11 
21 0.0026 0.02 0.0009 0.0048 bd 0.0057 0.050 
 
 
c) Sediment: 0-2cm depth 
Time, days TNX 
 (n mol/g sed) % 
1 0.0064 0.03 
2 0.037 0.16 
5 0.067 0.28 
7 0.17 0.73 
9 0.51 2.1 
12 0.85 3.5 
14 0.73 2.9 
16 0.90 3.6 
19 1.0 4.1 
21 0.98 3.8 
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Table S2: Subdivision of inorganic nitrogen production as percentages of spiked (detectable) 
μmols 15N-[RDX]. 
 
 
 
 
 
 
 
 
 
Table S3: Measured isotopic enrichments (δ15N) and normalized 15N values (15N, nmol/g) of 
sediment 0-2cm, sediment 2-4cm and SPM. 
Time Sediment, 0-2cm Sediment, 2-4cm SPM 
Days δ15N, ‰ 15N, nmol/g sed δ15N, ‰ 
15N, nmol/g sed δ15N, ‰ 15N, nmol/g SPM 
0 72 0 33 0 3.5 0 
1 87 0.41 39 0.16 2200 140 
2 95 1.1 43 0.48 1200 93 
5 430 0.99 60 0.82 390 18 
7 99 0.85 45 0.33 360 61 
9 33 2.9 96 1.8 530 100 
12 240 5.0 99 1.3 590 67 
14 240 7.9 86 1.1 1100 68 
16 530 7.4 96 1.4 1400 100 
19 410 6.9 39 0.81 1600 99 
21 300 8.0 46 0.067 1200 69 
 
 
 
 
 
 
Time, days 
15
N excess in water 
column, % 
15
N excess in 
porewater, % 
Evaded 
 
15
Ngas 
excess, 
% 
 NH4
+
 NOX Ngas NH4
+
 Ngas 
1 0.14 0.93 1.2 0.03 0.27 0.71 
2 0.12 0.9 0.1 0.07 0.024 1.1 
5 0.43 1.8 0.53 0.05 0.13 3.7 
7 0.27 2.8 0.61 0.2 1 6.7 
9 0.24 3.9 1.2 0.39 1.3 11 
12 0.38 6 0.82 5.3 0.21 18 
14 0.29 6.9 1 1.7 0.71 21 
16 0.7 7 0.17 0.67 1 22 
19 0.07 6.8 0.51 0.57 1.1 25 
21 0.06 7.2 0.99 2.6 0.82 28 
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Table S4: Variation of geochemical parameters in the system. 
Time, 
days 
Water Column  Porewater 
 NH4
+
 NOX DOC TN NH4
+
 NOx DOC TN pH Fe
+2 
0-2cm Fe
+2 
2-4cm 
0 10 6.8 260 43 130 0.43 280 200 7.7 3.5 6.4 
1 25 8.9 260 28 410 0.16 580 700 7.8 1.3 3.1 
2 40 15 270 56 240 ND 460 330 7.8 37 25 
5 24 23 220 47 380 ND 240 90 7.8 51 57 
7 21 30 300 59 520 0.28 640 1000 7.7 2.1 51 
9 12 40 560 92 570 ND 590 820 7.5 1.5 42 
12 15 69 420 95 630 0.32 620 280 7.6 30 65 
14 11 75 490 120 140 0.32 480 890 8.2 80 80 
16 15 84 560 130 780 0.42 490 930 7.6 39 82 
19 5.2 110 540 130 370 0.24 410 790 7.6 71 86 
21 4.3 100 590 140 370 ND 480 220 7.5 60 53 
All the values are in the unit of µM except for pH; TN = Total Nitrogen (Inorganic and 
Organic Nitrogen); TN is corrected for spiked N as RDX. 
 
Table S5: Redox potentials in different sampling sites in the ecosystem; * indicates depth from 
sediment surface 
 
 
 
 
 
 
 
 
 
 
 
 
 Redox potential, mV 
Depth profile Site 1 Site 2 Site 3  Site 4 Site 5 
Surface water 63 63 63 63 63 
1 cm* 51 50 59 52 44 
2 cm* 42 18 34 53 40 
3 cm* 2.1 3.7 8.6 45 22 
4 cm* -7.0 -0.9 -2.9 19 8.3 
5 cm* -8.9 -5.4 -11 6.3 0.7 
6 cm* -8.7 -9.8 -16 -2.0 -2.8 
7 cm* -8.5 -12 -21 -6.6 -5.0 
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5.0 Comparative study of the biodegradation and metabolism of hexahydro-1,3,5-trinitro-
1,3,5-triazine in three coastal habitats using a stable isotopic tracer, 
15
N-RDX  
5.1 Abstract                                                                                                                                     
It has been estimated that there are hundreds of explosive-contaminated marine sites all over the 
world and managing these contaminated sites is an international challenge. The demand for data 
on the sorption, biodegradation and mineralization of trinitrotriazine (RDX) in coastal 
ecosystems is the impetus for this study. Stable nitrogen (
15
N) isotope labeled RDX was used to 
track its processing in three coastal ecosystem types. Mesocosm experiments representing 
subtidal vegetated, subtidal non-vegetated and intertidal marsh ecosystems were conducted and a 
steady state supply of RDX was maintained in the systems throughout 17-day experiments. 
Sediment, pore-water and overlying water samples were analyzed for RDX and transformation 
products including nitroso-triazines and dissolved inorganic nitrogen (DIN) pools including 
ammonium, nitrate, nitrite, nitrous oxide and nitrogen gases that contained the 
15
N tracer. 50%, 
44% and 25% of supplied RDX were transformed in intertidal marsh, subtidal vegetated and 
subtidal non-vegetated mesocosms respectively. RDX was biodegraded to nitroso-derivatives 
(MNX, DNX and TNX) via reduction (2% - 3% of system sequestrated RDX) and further 
breakdown formed inorganic nitrogen as mineralization products (50% - 72% of system 
sequestrated RDX) in coastal marine ecosystems. RDX was mineralized to N2O (primarily) and 
N2 (secondarily) through a series of intermediates (47% - 70% of system sequestrated RDX) and 
escaped to the atmosphere. Degradation and mineralization of RDX were favored by lowered 
redox potential and available microbial assemblage in surface sediment of the ecosystem. 
Subtidal vegetated and intertidal marsh ecosystems containing fine grained, organic carbon rich 
sediment where significant anaerobic respiration prevailed (presence of H2S) showed notably 
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higher mineralization of RDX. Subtidal non-vegetated ecosystem with organic carbon poor 
sediment where moderate anaerobic respiration prevailed (presence of Fe
+2
) conditions showed 
the least mineralization and highest persistence of RDX in the system compared to the subtidal 
vegetated and intertidal marsh mesocosms. Partioning of RDX and degradation products onto 
particulates was a negligible process in the overall mass balance of the systems (2% - 4%) and 
sorption onto the sediment decreased from intertidal marsh, subtidal vegetated to subtidal non-
vegetated  systems based on the available organic carbon content and  grain size of the sediment. 
The fate of RDX quantitatively differed in different coastal marine habitats based on prevailing 
sediment redox condition in the ecosystem.                                                                                  
5.2 Introduction                                                                                                                          
The explosive compound, Hexahydo-1,3,5-trinitro-1,3,5-triazine (RDX) is utilized globally, 
mainly as a military munition since the second world war. Contamination of soil, surface water, 
groundwater, wetlands and coastal ecosystems with RDX has become a global environmental 
issue [1]. RDX has been found to be toxic to aquatic [2] and terrestrial species [3], and a 
carcinogen to humans [1]. The US coast has been significantly exposed to munitions via disposal 
of unexploded ordnances [4,5] while military training and weapon testing add an additional 
source.                                                                                                                                        
Based on the physico-chemical properties of RDX, it has been found that RDX is less soluble in 
water [5] and persistent in surface water bodies where aerobic conditions prevail [6]. Different 
removal strategies have been proposed for RDX [7] based on the characteristic properties of 
RDX [5,8] and geochemical variables in the system [9,10]. Sorption has not been identified as an 
effective removal mechanism of RDX from water due to its relatively low KOW value [8].  
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RDX tends to degrade biotically [11,12] and abiotically [8] forming various transformation 
products in aquatic systems. Abiotic degradation is comparatively less favorable than microbial 
degradation of RDX [13] and the role sediments play in enhancing biotic degradation of RDX 
depends on sediment properties including organic carbon content, texture, microbial population 
and redox conditions [8,10].                                                                                                         
The degradation of RDX occurs via a chain of nitroso compounds, Hexahyro-1-nitroso-3,5-
dinitro-1,3,5-triazine (MNX), Hexahyro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX), and 
Hexahyro-1,3,5-trinitroso-1,3,5-nitro-1,3,5-triazine (TNX) and has been widely documented in 
the literature, under both hypoxic and/or anoxic conditions [8,9,14]. Ring cleavage and complete 
mineralization are also reported for RDX [9,12,14]. For instance, it has been identified that the 
cleavage of either N- NO2 or C-H bonds in RDX produces unstable intermediates (with ring C-N 
bonds of 2 kcal/mol) leading to rapid ring cleavage. Therefore, any successful initial enzymatic 
attack on RDX can initiate degradation resulting in ring cleavage [15]. Nitrites, nitrates and 
ammonium resulting via denitration [9,13,14] can be used as nitrogen sources by 
microorganisms [16,17], and N2O and N2 are formed as the ultimate mineralization products, 
mainly in low oxygen conditions [12,14,15,18,19]. Therefore, hypoxic/anoxic degradation and 
mineralization of RDX has been commonly observed in the literature coupled with microbial 
populations from soil, sediment and sewage sludge [12,17,20], under nitrate-reducing [21] iron-
reducing [10] and sulfate reducing conditions [15,22]. Although, biodegradation pathways of 
RDX have been studied to a certain extent, most studies have been conducted using specific 
microbial cultures in controlled laboratory conditions [12,16,20,23]. However, research in 
natural environmental conditions with different geochemical parameters and complex bacterial 
assemblages may yield considerable differences in the transformation of RDX in terms of 
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breakdown products (quality and quantity), compound removal rates, biodegradation and 
mineralization efficiencies etc.                                                                                           
Vegetated marine ecosystems generally contain organic carbon rich, fine grain textured 
sediments while non-vegetated ecosystems contain organic carbon poor, coarse grain textured 
sediments [24]. Microbial populations habituated in vegetated and non-vegetated marine 
ecosystems vary in terms of types of microbes and microbial population size, depending on the 
available resources in systems [24].  Prevailing sediment redox potentials in these systems are 
quite different and all these factors affect sorption, degradation and mineralization of RDX in 
coastal marine ecosystems. Furthermore, intertidal marsh ecosystems experience tidal variation 
which alters the geochemistry of water and sediment, redox conditions and microbial populations 
in the system during high tide and low tide cycles [25].                                                              
The objective of this research is to reveal the differences and compare the fate and metabolism of 
RDX in different nitrogen limited coastal marine habitats by tracking the transformation of RDX 
in different pools of the ecosystem including well aerated surface water and hypoxic/anoxic 
sediment using 
15
N isotope labelled RDX as a tracer. Such a comparison has not been performed 
to date. This utilizes an integrated mass balancing approach with a stable 
15
N isotope tracer 
which facilitates tracking a number of the RDX pathways that remove bioavailable, dissolved 
RDX from the ecosystem. Resulting outcomes from above mentioned comprehensive analysis of 
fate and metabolism of RDX helps to determine the most suitable remediation techniques for 
different coastal marine systems. This study also benefits future efforts related to the 
investigations and characterization of munition contaminated coastal sites since it identifies 
variations in removal rates and pathways.  
5.3  Methods 
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Three experimental set-ups representing different coastal marine ecosystems, non-vegetated, 
subtidal vegetated and intertidal marsh were constructed in Rankin Seawater facility, University 
of Connecticut, Avery Point in order to compare fate and metabolism of RDX in different coastal 
marine habitats.                                                                                                                            
5.3.1 Experimental design, sampling plan and techniques                                                  
5.3.1.1 Non-vegetated mesocosm                                                                                               
1000 L fiber glass experimental tank was connected to a reservoir tank filled with raw seawater 
from Long Island Sound (30 PSU) and loaded with an 8cm deep layer of sandy, low organic 
carbon (OC) containing sediment (0.2 % OC) collected from a subtidal habitat in Long Island 
Sound (LIS) (latitude: 41
0 
19′ 13′′ N and longitude: 720 2′ 59′′ W) (Figure 1). Raw sea water was 
pumped to the experimental tank continuously from the reservoir tank under flow through 
conditions over two weeks to achieve stabilized redox conditions in sediment and then, 
experimental tank was loaded with macroalgae, epifaunal, bivalve and fish species typical of that 
habitat. The tank was aerated using air stones and overlying water was well mixed using pumps, 
and total water volume was 686 L. The system was reconfigured to recirculation mode, and the 
seawater inflow rate was adjusted to 3.29 mL s
-1
 over the course of the experiment (17 days). 
15
N 
labelled RDX (99 At% 
15
N with respect to nitro groups) dissolved in methanol was introduced 
into the experimental tank as a pulse of concentrated stock (20.4 mL) to achieve initial target 
RDX concentrations of 1 mgL
-1
, followed by continuous addition at a rate of 0.07 mL min
-1
 - 
0.08 mL min
-1 
to target a conservatively mixed steady state RDX concentration of 0.5 mgL
-1
 
throughout the experiment. The water residence time in the tank was 2.5 days. 
Figure 1: Schematic diagram of non-vegetated mesocosm (1: reservoir tank; 2: overlying water in 
experimental tank; 3: sediment layer) 
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Time series samples (total 9 sampling time points) of overlying water, porewater, suspended 
particulate matter (SPM) sediment and biota were taken from the tanks over the course of the 
experiment including two time points with triplicate samples. Overlying water was drawn using a 
peristaltic pump at a rate of 50 mL min
-1
 and filtered through Whatman 25 mm, 0.7 μm glass 
fiber filters (GF/F). Suspended particulate matter (SPM) was sampled by filtering 250−300 mL 
of overlying water through pre-weighed combusted (450 °C) GF/F filters, and split for analysis 
of bulk 
15
N enrichment (δ15N SPM) and extractable explosives concentrations. Porewater was 
using a 1/16
th
 in inch stainless steel tube inserted into the sediment layer, attached to a peristaltic 
pump. Porewater was collected at a slow pumping rate of 2.5 mL min
-1
 and filtered through 
polyethersulfone - 0.2 µM (0.2 µM PES) syringe tip filters. Sediment cores with a diameter of 
2.6 cm were obtained and sliced at 2cm intervals prior to the analysis. 
5.3.1.2 Subtidal vegetated (eel grass) mesocosm 
The experimental setup was constructed similarly to the non-vegetated mesocosm except it 
contained fine grained, organic carbon rich sediment collected from Mumford Cove, LIS  
(latitude: 41
0 
19′ 15′′ and longitude: 720 0′ 24′′) and sods of eel grass (Zostera marina) collected 
from LIS were transplanted in the sediment (Figure 2). In terms of sea water pumping, 
compound introduction, maintaining specific concentrations in the system, and sampling were 
performed identically to the non-vegetated system over an 18 day-experimental time duration. 
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Porewater sampling techniques was adjusted due to the clogging issues of fine sediment particles 
in sampling tube. At each time point, porewater was extracted by centrifuging sediment slices 
obtained from above and below the oxic-anoxic interface of the sediment.  
Figure 2: Schematic diagram of subtidal vegetated mesocosm (1: reservoir tank; 2: overlying 
water in experimental tank; 3: sediment layer; 4: vegetation layer of eel grass) 
 
 
 
 
 
 
 
 
 
5.3.1.3 Intertidal marsh mesocosm 
The intertidal marsh mesocosm was constructed using two connected 1000 L tanks (reservoir and 
mesocosm) and the mesocosm tank was filled with fine grained, high organic carbon containing, 
compacted peaty sediment (15cm thickness) collected from Stonington, LIS (latitude: 41
0 
20′ 5′′ 
and longitude: 71
0 
54′ 10′′) (Figure 3). Intact sods of marsh grasses (Spartina alterniflora) were 
transplanted in the sediments of the mesocosm tanks and stocked with biota (macroalgae, 
epifaunal, bivalve and fish species). Raw sea water was pumped into the reservoir tank with a rate 
of 5.22 mL sec
-1
. Pumps, timers, and float switches were used to exchange water back and forth 
between the reservoir and mesocosm tanks every 6 hours to simulate a flooding/draining tidal 
cycle with a 1 foot tidal range. Water in the reservoir tank was mixed with a pump while the 
reservoir tank and mesocosm were sufficiently well mixed by the exchange of water between both 
tanks using a pump. Both tanks were aerated using air stones and the system was maintained at 
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steady state conditions. 
15
N labelled RDX (99 At% 
15
N respect to nitro groups) was introduced 
into the reservoir tank using an initial slug dissolved in acetone to achieve an RDX concentration 
of 1 mgL
-1
 followed by continuous addition of RDX at a rate of 0.064 mL min
-1
 to achieve a 0.5 
mgL
-1
 steady state concentration of RDX in the system.  
Figure 3: Schematic diagram of intertidal marsh mesocosm (1: reservoir tank; 2: Mixing tank; 3: 
surface water in experimental tank; 4: sediment layer; 5: vegetation layer of marsh grass) 
 
 
 
 
 
 
 
Time series of overlying water, porewater and sediment samples were taken using similar 
techniques used in the non-vegetated mesocosm over an experimental duration of 17 days 
including 5 time points with triplicates (total of 10 sampling times). Overlying water and 
sediment samples were taken when the water level has reached its maximum height (High tide) 
in the mesocosm. Sediment cores of 8cm were sliced into 2cm intervals for the analysis. 
Porewater samples were taken when the water level had saturated the sediment surface (flood 
tide) and when it reached its maximum height (High tide). Flood tide samples were taken only 
from shallow depths of sediment (2cm from sediment surface) while high tide samples were 
obtained as a profile of two depths (2cm and 4cm from sediment surface). 
pH, dissolved oxygen, hydrogen sulfide profiles of sediment were obtained using the 
microsensors during both flood tide and high tide at each sampling point from three static wells 
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permanently constructed in the sediment in order to avoid breakage of  the microsensors.          
5.3.2 Analytical techniques 
5.3.2.1 System characterization 
Physical parameters of the systems including temperature and salinity were measured using a 
YSI probe (YSI 556 MPS) over the course of the experiments. Both overlying water and 
porewaters were analyzed for nutrients (ammonium, total nitrate and nitrite (NOx)) using a 
Smartchem nutrient analyzer (Westco-W12623) following cadmium azo-dye and phenol 
hypochlorite methods [26], respectively. 3 mL of filtered (0.2 µM PES) porewater were directly 
introduced to the reagents to minimize exposure to atmospheric oxygen and analyzed using the 
ferrozine method [27] and methylene blue method [28] for dissolved ferrous and hydrogen 
sulfide respectively by UV/Vis spectrophotometry (Hitachi-U-30110). The redox potential of 
sediment was measured using a platinum electrode (Paleo Terra, Amsterdam) relative to an 
Ag/AgCl reference electrode (Fisher Scientific). In-situ profiles of dissolved oxygen, hydrogen 
sulfide and pH profiles in sediment were obtained using a Unisense DO, H2S and pH 
microsensors (OX-50, H2S-50, pH-50 micron). Sediment was characterized for TOC, total 
nitrogen (TN) and total elemental sulfur (S) using a Perkin Elmer elemental analyzer (NA 1500) 
[29]. Sediment texture was determined using a mechanical sieve analyzer with a set of sieves 
from 0.063 mm to 2.0 mm. 
5.3.2.2 Explosive analysis 
RDX and its reduced degradation products, including, MNX, DNX and TNX, were analyzed in 
both overlying water and porewater samples. A modified salting-out method [30] adapted for 
smaller sample sizes was used for extraction of munition compounds from aqueous samples 
following methods described in [8]. An average recovery of 99.1 ± 0.5% was obtained for known 
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amounts of 1, 2-dinitrobenzene (1,2-DNB) in water extractions. Water extracts were analyzed 
using gas chromatography (GC)/electron-capture detection (ECD) following the methods 
described by [8] 3, 4-dinitrotoluene (3,4-DNT) was added to each extract prior to injection to 
monitor detection efficiency. Explosive analysis was performed with an Agilent GC/ECD 
equipped with an HP-DB5 column (30 m x 320 µm, 0.25-µm; Agilent). Quantification was 
based on an external calibration curve of available standard munitions RDX, MNX, DNX and 
TNX. (AccuStandard, New Haven, CT).  The average reporting limit for all compounds was 7.8 
ng mL
-1
.
  
Sediment samples were homogenized and 2g of each was extracted with 10mL of ACS-
grade acetonitrile (ACN) following the method described by [8,31]. 3,4-dinitrotoluene (3,4-
DNT; Accustandard) was spiked as a recovery standard and extraction efficiencies averaged as 
82%. Sediment extractions were analyzed for explosives (RDX, MNX, DNX and TNX) using 
gas chromatography (GC)/electron-capture detection (ECD) as mentioned above.  
5.3.2.3 Bulk δ15N analysis                                                                                                       
Freeze dried sediment and SPM samples were analyzed using a continuous flow elemental 
analyzer – isotope ratio mass spectrometry (EA-IRMS: Delta V, Thermofisher) at the University 
of Connecticut for bulk 
15
N enrichments.  Nitrogen isotope ratios are reported in δ notation as 
follows: 
δ15N = [(Rsample – RSTD)/RSTD]         (1) 
where RSTD is the 
15
N/
14
N ratio of atmospheric nitrogen and Rsample is the 
15
N/
14
N ratio of the 
sample. δ15 N values are reported in parts per mil (‰) and external calibration was done using 
glutamic acid standards USGS 40 and USGS 41. The delta values were converted to mole 
fractions (X
15
N) and excess 
15
N tracer derived from the RDX was calculated from mole fractions 
and total N mass according to (Equation 2).  
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         15
N mols Excess = N mols * (X
15
Nt – X
15
Nt0)                       (2)   
For eq 2, the total N mass, and mole fractions of 
15
N at time t (X
15
Nt ) and time 0 (X
15
Nt0) were 
obtained from an elemental analyzer – isotope ratio mass spectrometry EA-IRMS (Delta V, 
Thermofisher). Analytical precision for sediment and SPM samples was 10% and 14% 
respectively (Percent coefficient of variance, CV).                                                                  
5.3.2.4 Mineralization product analysis                                                                                   The 
mineralization products, 
15
NH4
+
, total 
15
NO2
-
 and 
15
NO3
- 
(
15
NOX), 
15
N2 and 
15
N2O in the aqueous 
phase (surface water and porewater), were quantified using IRMS techniques. Filtered (0.2 µM 
PES), frozen water samples (from subtidal non-vegetated and intertidal marsh mesocosms) and 
sediment (from subtidal vegetated) were extracted for NH4
+
 following the methods from [32,33] 
respectively. Ammonium extraction from sediment was done using a 2M KCl solution. δ 15N 
isotopic enrichment of ammonium extractions were obtained
 
using a continuous flow EA-IRMS. 
Extraction efficiency was between 95-105% based on the recovery of NH4NO3 standards and 
analytical precision is 25% (percent coefficient of variance, CV).  Moles of 
15
NH4
+
 were 
calculated using NH4
+
 concentrations and mole fractions of 
15
N (X
15
Nt and X
15
Nt0) obtained 
from EA-IRMS (equation 3). 
       15
NH4
+
 mols Excess = NH4
+
 mols * (X
15
Nt – X
15
Nt0)    (3) 
δ15NOX values of overlying and porewater were obtained via the denitrifier method using 
Pseudomonas aureofaciens [31] at the US Geological Survey (USGS) in Reston, VA on water 
samples filtered through a 0.2µM PES filters and frozen. Moles of 
15
NOX were calculated using 
NOX concentration and the mole fractions of 
15
N (X
15
Nt and X
15
Nt0) obtained from isothermal 
GC-IRMS (equation 4). 
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       15
NOX mols Excess = NOX mols * (X
15
Nt - X
15
Nt0)             (4) 
Gas samples were collected at each time point by pumping unfiltered water into 30 mL and 60 
mL serum bottles for N2 and N2O respectively that had previously been sealed, pre-loaded with 
3N NaHSO4 (for preservation), and flushed with He for 12 minutes [14].  Following sample 
collection, At least after 6 hours of headspace equilibration, the isotopic composition of N2 and 
N2O (δ
15
N-N2 and δ
15
N-N2O) was measured. 
15
N2 in water samples was determined using 
continuous flow isotope ratio mass spectrometry (IRMS) on a Thermo Delta V Plus with a Gas 
Bench interface (GB-IRMS). Dissolved ambient N2 concentrations were assumed to be in 
equilibrium with the atmosphere and were calculated as a function of temperature and salinity 
[34]. 
15
N2O in water samples was measured via continuous flow IRMS interfaced to a modified 
Gas Bench. Dissolved gases in samples were He sparged and passed through a chemical soda 
lime trap to remove CO2. N2O was quantitatively cryo-trapped using liquid N.  The trapped N2O 
was then released and separated from any remaining trace CO2 using a poraplot Q column, and 
then analyzed for 
15
N2O via IRMS. Dissolved N2O concentrations were obtained from GC-ECD 
and analytical precision of the analysis is 30% (Percent coefficient of variance, CV). Evasion 
rates for 
15
N2 and 
15
N2O were calculated from excess 
15
N masses of each gas and gas transfer 
coefficients measured following known gas tracer additions (SF6) using the method described in 
[14]. 
Table 4 shows the time series concentrations of bulk 
15
N in sediment, 
15
NH4
+
, 
15
N2 and 
15
N2O at 
depth 1 (0-2cm) and depth 2 (2-4cm) of peaty sediment in intertidal marsh mesocosm. All the 
measured 
15
N-RDX pools (bulk 
15
N in sediment, 
15
NH4
+
, 
15
N2 and 
15
N2O) in deeper (2-4cm) 
level sediment show quantitatively lower values compared to those values in shallow (0-2cm) 
level sediment, although,  the time series trends follow the same patterns as they appear in 
106 
 
shallow sediment (Table 4). The ratio of bulk 
15
N values in shallow sediment to deeper sediment 
varies within the range of 1.4 to 6.4 during the experiment of 16 days. Measured dissolved 
inorganic nitrogen (DIN) containing mineralization products,
 15
NH4
+
, 
15
N2 and 
15
N2O show 
average ratios of shallow to deeper level concentrations in porewater during the experiment as 
1.6, 1.8 and 6.3 respectively.                                                                                                      
5.3.2.5 Data analysis                                                                                                                       
A mass balancing approach was based on 
15
N equivalents in masses of each analyzed N-
containing parent and derivative pools and illustrated in following equations (Equation 5). 
15
N-RDXsystem = 
15
N- ∑RDX surface water + 
15
N- ∑RDX porewater + 
15
N-∑RDX sediment + 
15
N-∑RDX 
biota + 
15
NSPM + 
15
N-NH4
+
dissolved + 
15
N-NOX dissolved + 
15
N-N2 + 
15
N-N2O + unidentified 
15
N-
compounds in the system                                 (5)                                                                                      
where, 
15
N-RDXsystem represents system sequestrated 
15
N-RDX based on rates (cumulative  
influx of 
15
N-RDX into the system – cumulative outflux from the system) and the remaining 
terms represent 
15
N measured in different RDX-derived metabolites in overlying water, 
porewater, sediment, bio-tissues and SPM. The aqueous terms are adjusted for outflow, and the 
gas terms are adjusted (included) outflow and evasion to the atmosphere. ∑ RDX represents 
RDX and measurable derivatives including MNX, DNX and TNX.  
Removal kinetics of munitions were analyzed determining removal rate constants (Equation 6) 
and half-lives (Equation 7) using the following equations.  
ln [Ci] = -kt + ln [Ci] t=0       (6) 
t1/2  = ln 2 / k                                                                    (7) 
where t is time (hr) and k is the first order removal rate constant in hr
-1 
 
5.6 Results 
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5.6.1 Characterization and mass balance of the ecosystem                                              
Measured physical and chemical parameters those describe the variations among mesocosms are 
shown in Table 1. System sequestrated 
15
N-RDX (cumulative input of RDX into the system - 
cumulative output of RDX from the system) (Figure 4) was found in different compartments of 
the mesocosm including dissolved fractions in surface water and porewater, sorbed fractions in 
sediment, particulate organic matter and biota, and gaseous fractions that escaped to the 
atmosphere. Loss of RDX (cumulative input of RDX into the system - cumulative output of 
RDX from the system - total RDX stored in surface water, porewater and sediment) at the end of 
the experiment in subtidal non-vegetated, subtidal vegetated and intertidal marsh mesocosms 
were 25%, 44% and 50%  respectively (Table 2). First order removal rate constants of RDX from 
overlying waters were 0.029 hr
-1
, 0.066 hr
-1
, and 0.095 hr
-1
 in non-vegetated, vegetated and 
marsh, respectively. Half-lives of RDX decreased in the order of non-vegetated (24 days), 
vegetated (11 days) and marsh mesocosms (7 days) (Table 2).  
Table 1: Physical and chemical properties in subtidal non-vegetated, subtidal vegetated and 
intertidal marsh mesocosms.          
Medium Parameter Mesocosm Type 
  Subtidal non-
vegetated 
Subtidal 
vegetated 
Intertidal 
marsh 
Porewater: 0-2cm  Redox (mV) (-265) – (-306) (-440) – (-450) (-317) - ( -325) 
 Fe
+2
 (µM) 1.0 - 17 BD 6.8 - 430 
 H2S (µM) BD 222 - 686 58 - 412 
 Ammonium (µM) 12 - 44 47.7 - 128 11.5 – 73.9 
Sediment: 0-2cm Sand (%) 97 40 - 
Silt and Clay (%) 3 60 - 
Density (g cm
-3
) 2.01 1.42 0.51 
TOC (mg/g sed) 1.23 27.5 34.4 
TN (mg/g sed) 0.15 2.84 13.7 
S (mg/g sed) 0.22 5.2 10.2 
BD = below detection 
 
108 
 
Table 2: Removal rate constants, half-lives and loss percentage (%) of RDX in mesocosms. 
Treatment RDX
 
 Removal rate constant 
(day
-1
) 
Half-life 
(days) 
Loss 
 (%) 
Subtidal non-vegetated 0.029 24 76 
Subtidal vegetated 0.066 11 90 
Intertidal Marsh 0.095 7 94 
Loss percentage of RDX corresponds to the end of the experiment.  
Amount of RDX stayed in water is higher in subtidal non-vegetated mesocosm (25%), compared 
to the subtidal vegetated (10%) and intertidal marsh (6%) mesocosms. 
15
N-RDX was partitioned 
onto particulates in the ecosystem (sediment and SPM) and higher in intertidal marsh mesocosm 
(4%) than vegetated (3%) and non-vegetated (2%) mesocosms. Nitroso-derivatives did not show 
significant variation in between mesocosms: non-vegetated (3%), vegetated (2%) and marsh 
(2%). The distribution of tracer 
15
N mass into various pools in mesocosms in terms of the 
amount of RDX stays in water, amount of derivatives and mineralization products in water, and 
the amount of RDX derived 
15
N partitioned onto solids at end of the experiment is shown as a 
cumulative mass balance in figure 5. Subtidal vegetated (68%) and intertidal marsh (72%) 
ecosystems showed notably higher mineralization of RDX forming dissolved inorganic nitrogen 
(ammonia, nitrates, nitrous oxide and nitrogen gases). Subtidal non-vegetated ecosystem showed 
the least mineralization (50%). Nitrous oxide was the prominent mineralization product of RDX 
for all the treatments (95-96% of total mineralization) that escaped to the atmosphere (Figure 6). 
Highest amount of 
15
N gas production (N2O and N2) was found in marsh mesocosm, followed by 
vegetated silt, and finally the low organic non-vegetated sandy mesocosm. 
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Figure 4: Time series system sequestration (cumulative influx – cumulative outflux) of 15N-RDX 
in a) subtidal non-vegetated b) subtidal vegetated c) intertidal marsh. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c 
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Figure 5: 
15
N cumulative mass balance of system sequestrated 
15
N-RDX on the last day of the 
experiment in a) subtidal non-vegetated b) subtidal vegetated c) intertidal marsh.  
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Figure 6: Time series distribution of inorganic nitrogen (dissolved and evaded) of total 
mineralization in a) subtidal non-vegetated b) subtidal vegetated c) intertidal marsh. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
112 
 
5.6.2 Transformation 
Figure 7: Time series total aqueous derivative concentrations (sum of MNX, DNX and TNX) in 
a) subtidal non-vegetated b) subtidal vegetated c) intertidal marsh.   
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RDX transformation products, nitroso-triazines (MNX, DNX and TNX) were present in both 
surface water and porewater throughout the experimental duration in all three mesocosms (Table 
S1). The amount of total detected nitroso-triazines in surface water stayed relatively constant 
during the experiment and concentration ranges did not show significant variations among 
ecosystems (Figure 7). Total detected nitroso-triazines in porewater decreased with the time in 
all three treatments and highest porewater concentrations were found in the intertidal marsh 
mesocosm (Figure 7). The ratio of total detected nitroso-triazines in porewater to surface water 
on day 17 in non-vegetated, vegetated and marsh mesocosms were 14, 7 and 24 respectively. 
Rapid transformation of RDX was observed in coastal marine mesocosms showing the highest 
total detected nitroso-triazines in surface water after 6 hr of spiking and at 24 hr for porewater. 
5.6.3 Partitioning                                                                                                             
Partitioning of 
15
N-RDX onto particulates (sediment and SPM) followed similar trends in all the 
studied coastal mesocosms showing rapid increase in sorbed 
15
N-RDX onto particulates followed 
by a drop and then, remaining constant during the remainder of the experiment (Figure 8). 
Sorption of 
15
N-∑RDX (15N from RDX and derivatives) onto SPM (1.31 - 344 nmol/g SPM) 
showed higher values than those values sorbed onto surface sediment (1.18 – 96.3 nmol/g sed) in 
coastal marine mesocosms (Figure 8). But, sediment became a better sink for 
15
N-∑RDX than 
SPM because depth integrated total sediment mass in the mesocosms was huge compared to 
SPM. Sorption of 
15
N-∑RDX onto SPM was highest in the non-vegetated mesocosm (8.22 – 344 
nmol/g SPM) while it was lowest in the subtidal vegetated mesocosm (1.31 – 89.2 nmol/g SPM). 
15
N-∑RDX values found in SPM of intertidal marsh mesocosm ranged from 53.9 nmol/g SPM to 
244 nmol/g SPM during the experiment (Figure 8-a). Bulk 
15
N-∑RDX found in surface sediment 
decreased in the order of intertidal marsh, subtidal vegetated and subtidal non-vegetated showing 
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value ranges of 14.8 - 96.3 nmol/g sed, 1.30 – 31.7 nmol/g sed and 0.32 – 25.5 nmol/g sed 
respectively (Figure 8-b). The highest RDX amount in sediment (6 - 40% of bulk 
15
N in 
sediment) was found at the beginning of the experiment in all the three mesocosms and 
decreased with time, disappearing by the end of the experiment in subtidal vegetated and 
intertidal marsh mesocosms (Figure S1). Nitroso-triazines were identifiable in surface sediment 
of coastal marine mesocosms with ratios of RDX to total nitroso-triazines were 4.5, 0.5 and 3.1 
in non-vegetated, vegetated and marsh mesocosms respectively. The highest DNX amount in 
sediment (10% of bulk 
15
N in sediment) was found in the non-vegetated system after 6 hours of 
spiking while TNX appeared at a slower rate with time. TNX was formed as the main nitroso-
derivative in both subtidal vegetated and intertidal marsh mesocosms (Figure S1).     
 
 
 
 
 
 
 
 
 
 
 
 
 
115 
 
Figure 8: Time series bulk 
15
N in a) SPM b) sediment in coastal marine mesocosms: subtidal 
non-vegetated, subtidal vegetated and intertidal marsh; Error bars represent standard deviations 
and are included only to the time points when sampling was done in triplicates.   
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5.6.4 Mineralization                                                                                                      
Mineralization in terms of detected inorganic nitrogen was identified as the main fate of RDX in 
all the three coastal marine ecosystems: subtidal non-vegetated, subtidal vegetated and intertidal 
marsh mesocosms. Figure 5 shows the contribution of different mineralization products (
15
NH4
+
, 
15
NOx, 
15
N2 and 
15
N2O) to the total mineralization. N2O was produced as the prominent 
mineralization product of RDX, but 
15
N2O contribution to the total mineralization did not 
significantly vary among non-vegetated (84% - 96%), vegetated (71% - 96%) and marsh (76% - 
95%) mesocosms. 
15
NOx peaked at the very first sampling time point (6 hr after spiking) and 
gradually decreased approaching steady state concentrations in all three mesocosms. The ranges 
of percentages of 
15
NOX out of total mineralization were found as 14% - 2%, 29% - 3% and 23% 
- 2% in non-vegetated, vegetated and marsh mesocosms respectively. Although 
15
NH4
+
 (1%) and 
15
N2 (2%) were detected in the mesocosms, they did not significantly contribute to the total 
mineralization in coastal mesocosms. Ammonium production from RDX in porewater was 
higher than in surface water and ratios of standing stock 
15
NH4
+ 
in sediment porewater to surface 
water were 5, 50 and 10 in non-vegetated, vegetated and marsh mesocosms respectively. 
Porewater 
15
NH4
+
 production was highest in subtidal vegetated mesocosm among three studied 
coastal mesocosms (Table 3).  
15
N2O production was significantly higher (30 times) than 
15
N2 
production (Figure 5). Time series N2O production and the mole fraction of 
15
N2O are shown in 
figure 9. Mole factions of 
15
N2O in non-vegetated and marsh mesocosms varied within the range 
of 0.4 to 0.5 while they are 0.3 to 0.4 in vegetated mesocosm.  
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Figure 9: Time series a) concentration of surface water N2O b) mole fraction of surface water 
15
N2O in coastal marine mesocosms: subtidal non-vegetated, subtidal vegetated and intertidal 
marsh. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.6.5 Depth influence on fate of RDX in intertidal marsh mesocosm                                  
Table 3 shows the time series concentrations of bulk 
15
N in sediment, 
15
NH4
+
, 
15
N2 and 
15
N2O at 
depth 1 (0-2cm) and depth 2 (2-4cm) of peaty sediment in intertidal marsh mesocosm. All the 
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measured 
15
N-RDX pools (bulk 
15
N in sediment, 
15
NH4
+
, 
15
N2 and 
15
N2O) in deeper (2-4cm) 
level sediment showed quantitatively lower values compared to those values in shallow (0-2cm) 
level sediment, although,  the time series trends followed the same patterns as they appeared in 
shallow sediment (Table 3). The ratio of bulk 
15
N values in shallow sediment to deeper sediment 
varied within the range of 1.4 to 6.4 during the experiment of 16 days. Measured dissolved 
inorganic nitrogen (DIN) containing mineralization products,
 15
NH4
+
, 
15
N2 and 
15
N2O showed 
average ratios of shallow to deeper level concentrations in porewater during the experiment as 
1.6, 1.8 and 6.3 respectively.  
Table 3: Time series concentrations of different 
15
N-RDX pools at depth 1 (0-2 cm) and depth 2 
(2-4 cm) in intertidal marsh mesocosm. 
Time (days) Bulk 
15
N (µmol/g sed) 15NH4
+
 (nM) 
15
N2 (nM) 
15
N2O (nM) 
D1 D2 D1 D 2 D1 D 2 D1 D 2 
1 31.4 4.90 54.7 54.5 56.7 18.5 733 322 
2 96.2 40.0 112 91.9 491 301 1800 1071 
3 29.6 5.69 70.6 70.7 198 160 787 210 
6 30.7 16.8 51.9 51.7 271 207 316 317 
8 38.2 27.9 9.74 9.47 31 30.8 433 108 
10 26.1 17.6 37.3 25.2 67.1 47.4 202 123 
12  25.9 7.24 24.3 23.7 96.8 49.2 318 50.1 
14 14.8 7.26 82.8 16.7 157 43.6 552 105 
16 16.6 7.29 44.7 28.6 82.4 60.7 416 13.7 
D1 = Depth 1 (0-2cm); D 2 = Depth 2 (2-4cm) 
5.7 Discussion 
5.7.1 Behavior of RDX in mesocosms                                                                               
Depending on the differences in redox potential and available resources, different microbial 
populations including nitrate-reducers, iron-reducers and sulfate-reducers were involved in RDX 
transformation in coastal marine mesocosms [9]. The least loss of RDX was seen in subtidal non-
vegetated mesocosm containing sandy sediment with low organic carbon content that only 
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permitted nitrate and iron reduction in the sediment. But, subtidal vegetated and intertidal marsh 
mesocosms with higher organic carbon containing sediment those could have accessed nitrate, 
iron and even sulfate reduction resulted higher loss of RDX than non-vegetated system [35]. 
Further, marsh had the highest RDX loss because the system was not diffusion limited like 
subtidal vegetated system. The shortest half-life of RDX in surface water was found in intertidal 
marsh since it was a more dynamic system experiencing tidal variation. The non-vegetated 
mesocosm had the longest half-life and the highest persistence of RDX in surface water in the 
system. RDX loss is mainly resulted due to degradation and mineralization of RDX in sediment 
while sorption onto particulates was not a significant process.                                                    
The use of 
15
N enabled a much more complete assessment of the fate and transport of RDX in 
coastal marine ecosystems. A mass balancing approach based on sequestrated 
15
N-RDX into the 
systems illustrated that 80% - 84% of the 
15
N contained in RDX that processed in the mesocosm 
was recovered in the measured pools. Subtidal vegetated and intertidal marsh ecosystems 
showed a notably higher mineralization of RDX to inorganic nitrogen, since prevailing reduced 
redox condition forming H2S from SO4
2-
 in organic carbon rich sediment donated a surplus of 
electrons for reductive anaerobic mineralization of RDX [14]. The subtidal non-vegetated 
ecosystem showed the least mineralization and highest persistence of RDX in compared to the 
subtidal vegetated and intertidal marsh mesocosms, since it had low organic carbon containing 
sediment which only permitted iron reduction in the sediment. [22]. Partitioning onto 
particulates, sediment and suspended organic matter and degradation of RDX into nitroso-
triazines did not contribute significantly to the ecosystem-wide ultimate fate of RDX in coastal 
marine mesocosms. Here, we discuss new insights gained into fate of RDX including 
transformation, mineralization and partitioning processes in different coastal marine 
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environments through the observed distribution of 
15
N. RDX biodegraded to nitroso-derivatives 
(MNX, DNX and TNX) via reduction in surface waters of marine mesocosms. Some of RDX 
diffused into the surface sediment where hypoxic conditions prevailed followed by degradation 
via reduction forming nitroso- triazines in the presence of coastal marine microbial assemblages 
[14]. RDX biodegraded in aerated surface water by aerobic microorganisms (eg: Rhodococcus 
sp., Acremonium, Phanerochaete chrysoporium) less effectively which was consistent with 
previous studies of fresh water and terrestrial systems demonstrating longer half-lives of RDX by 
days [36,37].                                                                                                                                
5.7.2 Transformation 
Total detected nitroso-triazines remained constant in surface water without a significant 
quantitative variation in the production of nitroso derivatives among three marine ecosystems, 
since further breakdown to dissolved inorganic nitrogen was less favorable in aerated 
conditions [38]. The total detected nitroso-triazine amount was higher in porewater than in 
surface water of all the three mesocosms, so that sediment played an important role in the 
transformation of RDX [39]. Enhanced mineralization of nitroso derivatives in hypoxic 
surface sediments [14] resulted in a decreasing pattern of total detected nitroso-triazines in 
porewaters of all the three mesocosms with time. The lowest total nitroso-triazine production 
was found in subtidal vegetated ecosystems where the lowest redox potential persisted among 
three mesocosms, confirming further breakdown of nitroso products under low oxygen 
conditions by anaerobic microorganisms (eg: Clostridium sp., Shewanella halifaxensis ) to use 
as a nitrogen and energy source [9]. 
5.7.3 Partitioning 
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Due to the relatively low hydrophobicity in terms of log Kow, the structure of RDX and its 
derivatives, passive partitioning onto sediment and SPM did not constitute a major pathway in 
the fate of RDX [8]. However, RDX and RDX-derived metabolite partitioning into the 
particulate pools (sediment, SPM) in subtidal non-vegetated, vegetated and intertidal marsh 
mesocosms showed significant differences among treatments based on sediment characteristics 
[8]. Generally, RDX and derivatives rapidly sorbed onto the particulates. Both SPM and 
sediment [8], attained steady state conditions of bulk 
15
N from RDX and derivatives (
15
N-
∑RDX) in particulates towards the end of the experiment and it might be a result of similar 
sorption and desorption rates. The least 
15
N-∑ RDX in SPM was found in the subtidal vegetated 
system where partitioned RDX might be degraded to nitroso-derivatives under lower redox 
potentials and transferred to the dissolved fraction in surface water. Well aerated surface water in 
non-vegetated mesocosms did not provide favorable conditions for biodegradation [15] allowing 
higher partitioned 
15
N-∑ RDX amount to stay in SPM as a sorbed fraction.  However, 
partitioning of RDX and derivatives was significantly enhanced by the elevated organic carbon 
content and finer grain size of peaty sediments in the intertidal marsh system while considerably 
lower bulk 
15
N-∑ RDX values in deeper sediment confirmed the low vertical diffusion of RDX 
and its derivatives in peaty sediment of the intertidal marsh mesocosm. Lower organic carbon 
and clay fraction containing sandy sediment in the subtidal non-vegetated mesocosm is not a 
favorable zone for partitioning of RDX and derivatives [8]. Marine microbial assemblages 
(Shewanella halifaxensis, Clostridium sp.) provided significant contribution for degradation of 
RDX under oxygen limited conditions [40], especially, in the subtidal vegetated ecosystem, with 
the lowest RDX amount detected in sediment at all stages of the experiment. Since sandy 
sediment which only permitted iron reduction in the non-vegetated mesocosm was not a 
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favorable zone for biodegradation, RDX persisted in the sediment to a certain extent even after 
the two-week time duration. Anaerobic biodegradation under lower redox potential which 
permitted sulfate reduction [22,41] in subtidal vegetated and intertidal marsh mesocosms resulted 
TNX as the main identifiable 
15
N containing compound in sediment. Unidentified 
15
N in 
sediment might reside as non-measured derivatives such as Medina [40] or as microbially 
incorporated 
15
N.                                                                                                                   
5.7.4 Mineralization                                                                                                            
Mineralization of RDX in terms of inorganic nitrogen production (
15
NOX, 
15
NH4
+
, 
15
N2 and 
15
N2O gases) played an important role in the fate of RDX in marine mesocosms and among the 
other inorganic nitrogen products, gaseous mineralization product, 
15
N2O formation was favored 
by the available microbes and prevailing environmental conditions in all the three marine 
ecosystems [14].  
15
N2O was produced under lower redox potential which permitted nitrate, iron 
and sulfate reduction in surface sediment [9] via breakdown of Methylenedinitramine (Medina), 
an anaerobic ring cleavage product formed via denitration of RDX followed by hydroxylation 
[9]. Mole fraction of 
15
N2O (~ 0.5) produced in this study also revealed that Triazine ring in 
RDX opened up to form 
15
N2O which was consisted of  one isotopically labelled 
15
N atom 
coming from nitro group and another unlabelled 
14
N atom coming from the ring of RDX. It 
might be the primary pathway of formation of 
15
N2O which was then readily diffused through the 
water column and escaped to the atmosphere [14]. Besides the decomposition of Medina, mono 
or poly-denitration of RDX and nitroso-triazines including MNX, DNX and TNX were also 
secondarily involved in the formation of 
15
N2O by denitrification of cleaved 
15
NOX from nitroso-
triazines that acted as an intermediate mineralization product. Mineralization of RDX producing 
15
N2O significantly elevated in organic carbon rich subtidal vegetated and intertidal marsh 
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mesocosms those showed anaerobic respiration forming H2S via sulfate reduction [6]. Although, 
there was a possibility of formation of 
15
N2 from denitrification of 
15
N2O under anaerobic 
conditions [14], it was a negligible mineralization pathway of RDX quantitatively in all the 
studied marine coastal mesocosms. 
15
NOX is identified as the second highest mineralization 
product of RDX and it was rapidly formed in surface water via denitration and denitrosation [9] 
in all the three marine ecosystems.  
Figure 10: proposed transformation pathways of RDX in hypoxic surface sediment in coastal 
marine habitats.  
 
Denitration of RDX was augmented by reduced redox conditions [14] resulting in the highest 
and lowest 
15
NOX productions found in subtidal vegetated and non-vegetated mesocosms 
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respectively. 
15
NOX was not a stable mineralization product of RDX though it might be rapidly 
consumed via biological uptake [2] or acted as an intermediate during the process of forming 
15
N2O via denitrification in the systems [14]. Formation of Medina has been identified as a 
common 
15
NH4
+
 releasing process from RDX under low oxygen conditions [9], consistent with 
the elevated 
15
NH4
+ 
in sediment porewaters versus surface water in subtidal non-vegetated, 
vegetated and intertidal marsh mesocosms here. Although nitrate reducing conditions prevailed 
in all the studied mesocosm sediments enabling ammonium formation [21], the subtidal non-
vegetated mesocosm had the highest ammonium production among all the treatments and it was 
consisted with previous studies [13] those reported NH4
+
 as the main mineralization product in 
anaerobic sediments. The above processes indicated that gaseous mineralization products, 
specially, 
15
N2O formation from RDX, was significant in hypoxic environments and escaped to 
the atmosphere [14] as an efficient removal mechanism of RDX from coastal marine ecosystems.                 
5.8 Conclusions                                                                                                                     
Tracing the fate of RDX with 
15
N provided a descriptive picture of partitioning, degradation and 
mineralization of RDX in coastal marine ecosystems. The fate of RDX in marine coastal 
ecosystems including subtidal non-vegetated, subtidal vegetated, intertidal marsh varied 
depending on different sediment characteristics and prevailing redox conditions. Persistence of 
RDX in the system decreased in the order of subtidal non-vegetated, subtidal vegetated and 
intertidal marsh mesocosms based on half-lives of RDX in the systems. Degradation and 
mineralization of RDX were favored by lowered redox potential (presence of Fe
+2
 and H2S) and 
available microbial assemblages in surface sediments of the ecosystem. RDX degradation 
products, nitroso-triazines were stable in aerated surface water while they further broke down to 
form inorganic nitrogen products in surface sediments. Subtidal vegetated and intertidal marsh 
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ecosystems containing fine, organic carbon rich sediment which permitted sulfate reduction 
showed notably higher mineralization of RDX in terms of inorganic nitrogen products (nitrates, 
nitrites, ammonium, nitrogen and nitrogen dioxide gas). The subtidal non-vegetated system with 
sandy, organic carbon poor sediment which only permitted anaerobic respiration forming ferrous 
from iron reduction showed the least mineralization among treatments. Both 
15
N2 and 
15
N2O 
gases produced in surface sediment diffused into the surface water and ultimately escaped to the 
atmosphere. 
15
N2O is the major mineralization product of RDX in all the three mesocosms 
showing production decreasing from intertidal marsh, subtidal vegetated to subtidal non-
vegetated system while 
15
N2 production is insignificant in the overall mass balance. The second 
highest mineralization product was 
15
NOX which formed at early stages of the experiment and 
latter disappeared from surface water. Medina formation from RDX released 
15
NH4
+
 into the 
surface sediment and a significant increase in the production was seen in subtidal vegetated 
system. Although 
15
NOX and 
15
NH4
+
 were detected in coastal marine ecosystems as 
mineralization products of RDX, their contribution to the fate of RDX was negligible. From a 
mass balancing perspective, partitioning of RDX and RDX-derived compounds onto particulates, 
SPM and sediment of the ecosystem was also not a dominant process on fate of RDX. However, 
sorption onto the sediment decreased in the order of intertidal marsh, subtidal vegetated and non-
vegetated ecosystems due to the decrease in organic carbon and fine particle content in sediment 
of these systems in the same order.                                                                                            
Here, we conclude that 50%, 44% and 25% losses of RDX were reported in contaminated 
intertidal marsh, subtidal vegetated and subtidal non-vegetated coastal marine habitats 
respectively. Processed RDX in mesocosms were mainly ended up in atmosphere as gaseous 
mineralization product, 
15
N2O and production increased from non-vegetated, vegetated to marsh 
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mesocosms. Therefore, prevailing redox condition based on organic carbon content of sediment 
in the ecosystem became the key factor for natural attenuation of RDX in contaminated coastal 
marine habitats.                                                                                                                              
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 5.11 Supplemental data 
Table S1: Subdivision of time series aqueous concentrations of munitions in a) surface water b) 
porewater in subtidal non-vegetated, vegetated and intertidal marsh mesocosms.  
a)  
Mesocosm type Time 
(Days) 
Surface water (µM) 
  RDX MNX DNX TNX 
Subtidal  
non-vegetated 
0.25 4.95 0.027 BD 0.012 
1 4.45 0.026 BD 0.012 
3 1.49 0.008 BD 0.013 
5 1.43 0.009 BD 0.015 
7 2.60 0.017 BD 0.013 
9 3.00 0.019 BD 0.016 
14 1.81 0.010 BD 0.015 
Subtidal vegetated 0.21 4.26 0.017 BD 0.014 
1 4.03 0.021 BD 0.014 
3 2.59 0.015 BD 0.016 
5 2.40 0.013 BD 0.011 
10 1.83 0.011 BD 0.015 
13 1.64 0.009 BD 0.015 
17 1.45 0.009 BD 0.017 
Intertidal marsh 1 3.56 0.016 0.003 0.011 
2 2.89 0.013 0.003 0.010 
3 2.47 0.012 0.003 0.010 
6 0.96 0.006 0.006 0.010 
8 1.00 0.007 0.005 0.013 
11 0.82 0.004 BD 0.012 
13 0.89 0.005 BD 0.013 
15 0.81 0.006 BD 0.015 
17 0.72 0.006 BD 0.020 
BD = below detection 
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b) 
Mesocosm type Time 
(Days) 
Porewater (µM) 
  RDX MNX DNX TNX 
Subtidal  
non-vegetated 
 0.063 0.138 0.135 0.070 0.051 
 0.25 2.89 0.356 0.114 0.069 
 1 3.59 0.351 0.177 0.094 
 3 1.04 0.153 0.183 0.105 
 5 1.22 0.121 0.195 0.097 
 7 1.56 0.155 0.215 0.109 
 9 0.86 0.070 0.100 0.063 
 12 1.77 0.044 0.073 0.054 
 14 0.10 0.032 0.060 0.038 
Subtidal  
vegetated 
0.0623 0.127 0.045 0.010 0.112 
1 0.130 0.044 0.097 0.102 
2 0.110 0.042 0.093 0.097 
4 0.100 0.041 0.095 0.103 
6 0.239 0.036 0.084 0.084 
9 0.085 0.044 0.095 0.071 
11 0.169 0.044 0.076 0.036 
13 0.100 0.043 0.087 0.032 
18 BD 0.042 0.052 0.026 
Intertidal marsh 1 1.75 0.216 0.237 0.257 
2 1.68 BD 0.040 0.058 
3 0.364 0.271 0.295 0.314 
6 0.294 0.259 0.284 BD 
8 0.206 0.298 0.228 0.312 
10 0.241 0.221 0.242 BD 
12 0.301 0.284 0.309 0.324 
14 0.301 0.272 0.297 BD 
16 0.208 0.033 0.231 0.338 
BD = below detection 
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Figure S1: Time series of munition contribution to total 
15
N in sediment in coastal marine 
mesocosms: subtidal non-vegetated, subtidal vegetated and intertidal marsh 
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6.0 Conclusions 
6.1 Overview 
Abiotic sorption studies indicated that TNT and RDX were rapidly removed from aqueous phase 
of the anaerobic sediment slurries under abiotic conditions following first order kinetics and 
attained equilibrium with sediment. Marine sediments showed significantly higher compound 
uptake rates (0.30 - 0.64 hr
-1
) than freshwater silt (0.0046 – 0.0065 hr-1) for both TNT and RDX 
likely because of lower compound solubilities and a higher pH in marine systems. Equilibrium 
partition constants were on the same order of magnitude for marine silt (1.1 – 2.0 Lkg-1sed) and 
freshwater silt (1.4 – 3.1 Lkg-1sed) but lower for marine sand (0.72 - 0.92 Lkg-1sed). Total 
organic carbon content in marine sediments varied linearly with equilibrium partition constants 
of TNT and RDX suggesting the role of total organic carbon as the key determinant of sorption 
of compounds onto the sediment. Uptake rates and equilibrium constants of explosives were 
inversely correlated to temperature regardless of sediment type because of kinetic barriers 
associated with low temperatures.  
Anaerobic biotransformation of TNT and RDX was observed in anaerobic sediment slurries in 
the presence of microorganisms. TNT was removed from the aqueous phase at a faster rate (0.75 
hr
-1
) than RDX (0.37 hr
-1
) and both rates were also higher than the abiotic rates (0.53 hr
-1
 for 
TNT and 0.31 hr
-1 
for RDX). Sediment accumulation of 
15
N derived from parent compound was 
higher in the TNT microcosms (13%) than RDX (2%). Mono-amino-dinitrotoluenes were 
identified as intermediate biodegradation products of TNT. TNT-N (2% of the total spiked) was 
mineralized to NOX (nitrates and nitrites) and NH4
+
 through two different pathways:  denitration, 
and deamination and formation of NH4
+
, possibly facilitated by iron and sulfate reducing bacteria 
in the sediments. RDX (10%) biodegraded to nitroso-derivatives, while 13% of RDX-N in nitro 
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groups was mineralized to NOX, NH4
+
 and N2 gas anaerobically by day 16. A reasonable 
production of N2 (13%) was seen in the RDX system, but not in the TNT system.  N2 was 
possibly formed from RDX via N2O, a product of RDX which was not quantified in this study. 
NH4
+
 was the primary identified mineralization end-product of RDX (40%) in present study 
which was exclusively anaerobic, and generated through mono-denitration followed by ring 
breakdown. Majority of TNT (85%) still resided as unidentified metabolites while it was lower 
for RDX (68%). Marine sediment played an important role in mineralization providing favorable 
anaerobic conditions, iron bearing minerals and natural microbial assemblages including iron and 
sulfate reducers those enhanced transformation of TNT and RDX.                                        
Ecocosm studies which permitted both aerobic and anaerobic pathways to co-exist revealed that 
the extent and pathways of partitioning and transformation of RDX differed in different sub-
compartments in the ecosystem including surface water and sediment (porewater), and also 
among different coastal marine ecosystems. Transformation of RDX was enhanced by microbial 
assemblages and lower redox potentials. RDX was biodegraded to nitroso-derivatives (MNX, 
DNX and TNX) via reduction and were further broken down, specially, in sediment, forming 
inorganic nitrogen in coastal marine ecosystems. RDX was mineralized to N2 and N2O through a 
series of intermediates and escaped to the atmosphere. Subtidal vegetated and intertidal marsh 
ecosystems containing fine grained, organic carbon rich sediment where significant anaerobic 
respiration prevailed (presence of H2S) showed notably higher mineralization of RDX. Subtidal 
non-vegetated ecosystem with organic carbon poor sediment where moderate anaerobic 
respiration prevailed (presence of Fe
+2
) yielded the least mineralization and principle component 
analysis showed the possible direct involvement of iron reducing bacteria on gaseous 
mineralization product formation from RDX. Highest persistence of RDX in the system was 
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found in subtidal non-vegetated system compared to the subtidal vegetated and intertidal marsh 
mesocosms based on half-lives of RDX. Partitioning of RDX and degradation products onto 
solids was a negligible sink for the fate of RDX in the system. The amount of sorption onto 
sediments decreased from intertidal marsh > subtidal vegetated >subtidal non-vegetated and was 
correlated to the available organic carbon content (positively) and grain size (negatively) of the 
sediment.                                                                                                                                  
Finally, we conclude that sediment becomes the most favorable zone for partitioning and 
transformation regardless of the compound. The greatest predictor of RDX fate is prevailing 
redox condition based on total organic carbon content of sediment in the ecosystem. The percent 
RDX loss decreases from marsh (50%) > subtidal vegetated (44%) >subtidal non-vegetated 
(25%) mesocosms indicating RDX (~ > 50%) still resides in the coastal environment without 
transformation. The processed RDX in the mesocosm mainly ends up forming gaseous products 
as the best removal technique from the marine ecosystem, while TNT stays in the system 
forming different derivatives. Overall results of this study including kinetics and pathways, of 
partitioning and transformation, of compounds  and final mass balances illustrating the fate of 
the compounds in the system will be a provision that is essential for evaluating efficacy of 
natural attenuation of explosives in coastal marine habitats.                                                        
6.2 Future directions                                                                                                                   
Data from the large mesocosm approach has led to both insights and questions about how 
environmental parameters influence the partitioning and transformation of RDX in sediments. 
Result from the subtidal non-vegetated, subtidal vegetated and intertidal marsh ecosystems 
remain be evaluated comprehensively by performing multi variant analysis (principle component 
analysis and advanced modelling techniques). Environmental variables to be correlated with 
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RDX metabolism include dissolved oxygen, redox, pH, reduced iron and sulfur species in 
sediment profiles and analysis can be done under three categories: time series data, depth profile 
data, tidal variation data.                                                                                                              
Though transformation and partitioning behavior of RDX was quantified in all the experiments, 
it still shows a pool of unknowns which need further investigation. Therefore, it is recommended 
that additional bench-top experiments can be carried out to reveal more degradation pathways of 
RDX using isotopically 
15
N ring, nitro-groups and to reveal ring cleavage products and 
pathways. Mineralization of RDX to form the prominent product, N2O via hydrazine and methyl 
hydrazine should specially be addressed. Measuring dissolved and sorbed hydrazine in slurry 
water and marine sediments respectively will help to identify the role of hydrazine as an 
intermediate of RDX transformation. Experimental studies involving anaerobic sediment slurries 
and the approaches of Chapter 2 could focus on the hydrazine intermediate using methods in An 
et al., (2015) such that rates of degradation of RDX via hydrazine and the significance of that 
pathway to the fate of RDX could be better assessed.  Finally, the extent of bacterial assimilation 
of 
15
N derived from RDX can be obtained by analyzing 
15
N-RDX in bacterial specific amino 
acids (eg: Diamino pimelic acid, D-Alanine etc.) those generally found in the bacteria habituated 
in intertidal marsh mesocosms. It can help to confirm the involvement of bacteria on 
transformation of RDX showing whether 
15
N-RDX is assimilated to bacterial body mass or used 
for the metabolic activities.                                                                                                       
Regarding TNT, coastal marine ecosystems (subtidal non-vegetated, subtidal vegetated and 
intertidal marsh) should be evaluated as a comparison study to evaluate partitioning and 
transformation of TNT similar to RDX experiment described in chapter 4. Based on the literature 
and our previous bench-top and aquaria scale experiments, it is known that the ultimate fate of 
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TNT remains difficult to identify leaving significant portion as unknown pools in the aqueous 
phase of the experimental systems. Therefore, further characterization of unidentified 
intermediates and products (eg. Triaminotoluene) should be done. Similar to the analysis done 
for RDX in mesocosms, influence of environmental variables on partitioning and transformation 
of TNT should be evaluated using time series data, depth profile data, tidal variation data. 
Incorporation
 
of 
15
N of TNT into the bacterial specific amino acids can also be analyzed as 
suggested above for RDX.    
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